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SUMMARY 


This  study  sxpsrimsntally  sxplorsd  ths  conditions » 
•quipmsntt  and  nsthodolosy  nsessssry  for  ths  acoustic  dstsction 
of  small  Isaks  of  Jst  fusl  (JP4)  from  undarground  storags  tank 
(UST)  systems.  Ths  Mork  is  based  on  an  investigation »  using 
modern »  computer-based  instrumentation  and  analysis  techniques • 
of  acoustic  emissions  due  to  mater  leaks  and  fuel  leaks  from  6- 
inch  and  2-inch  diameter  pipes  into  a  mide  range  of  soil 
materials.  The  tests  mere  conducted  using  a  large  **soll  box.** 
The  soil  box  mas  equipped  mith  a  delivery  system  mhich  allomed 
volumetrically  measured  delivery  of  fuel  to  a  variety  of 
underground  leak  conditions  over  a  range  of  pressures.  A  number 
of  fill  materials*  leak  types*  and  acoustic  sensing  methods  mere 
examined.  The  fill  materials  included  sand*  gravel*  clay* 
crushed  rock*  organic  soil*  and  concrete.  The  leak  types 
included  pin  hole  leaks*  leaks  from  threaded  fittings*  leaks 
from  flanged  Joints*  and  leaks  from  hair-line  cracks.  Acoustic 
sensing  methods  included  a  variety  of  sensors  ranging  from 
custom-designed  transducer/maveguide  systems  to  commercially 
available  transducers  for  leak  detection.  The  sensors  mere 
examined  for  performance  as  both  ** through-soil**  detectors  and 
for  use  mith  direct  pipe  or  tank  mall  contact. 

The  results  from  the  study  indicate  that  acoustic  leak 
detection  of  very  small  leaks  is  feasible.  In  general* 
significant  dP4  fuel  leaks  mhich  occur  across  a  5  PSI  (pounds 
per  square  inch)  or  greater  pressure  drop  are  acoustically 
active  and  can  be  detected  mith  proper  sensors  and  proper 
placement  of  sensors.  The  primary  source  of  leak  noise  is 
turbulent  flom  through  the  leak  orifice.  At  lomer  pressures* 
the  leak  flom  becomes  laminar*  and  the  leak  becomes  virtually 
silent.  With  direct  transducer  contact  on  the  pipe  or  tank  ' 
mall  and  sufficient  system  pressure*  leaks  smaller  than  0.1  GPH 
(gallons  per  hour)  can  be  detected.  Larger  leaks  can  be 
detected  through  short  distances  in  soil.  Homever*  sand*  mhich 
is  the  most  commonly  used  fill  material  for  UST  systems* 
provides  significant  acoustic  attenuation.  Consequently* 
maveguides  must  be  used  mhen  monitoring  distances  exceed  about  1 
foot  of  travel  through  sand.  Sand  acts  to  reduce  background 
noise  levels*  providing  an  ideal  environment  for  acoustic  leak 
detection  using  sensors  mounted  directly  on  the  pipe  or  tank 
mall . 
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GLOSSARY  OF  TERHIMOLOCY 


AccalTQwtT  >  A  transducer  daalsnad  to  aansa  vibration  in 
solids. 

Acoustic  Attenuation  -  Decrease  in  amplitude  and  energy  content 
of  sound  as  it  travels.  Usually  expressed  in  units  of  decibels 
per  unit  length. 

Acoustic  Emission  <  AE )  -  Sound  arising  from  material  failure* 
leaks*  friction*  etc.  Typically  refers  to  ultrasonic  sound. 

Acoustic  Impedance  -  A  physical  property  of  materials <  the 
product  of  the  material  density  and  the  speed  of  sound  in  the 
material . 

A/D  -  Analog  to  digital  converter*  a  device  to  convert  a 
continuous  voltage  to  a  discrete  binary  representation.  Speed 
of  sampling  is  expressed  as  digitization  rate  or  frequency 
representing  the  number  of  analog  to  digital  conversions  per 
second. 

Celerity  ~  In  acoustics*  the  speed  of  sound  in  a  material.  Also 
referred  to  as  the  phase  velocity. 

FFT  -  Acronym  for  computer  implementation  of  a  discrete  Fourier 
transform  known  as  a  Fast  Fourier  Transform.  Used  to  examine 
frequency  content  of  a  time  domain  signal. 

Harmonic  -  Frequencies  evenly  spaced  above  a  fundamental  natural 
resonance. 

Hydrophone  -  Transducer  which  senses  sound  (vibrations)  in 
water . 

Impedance  Mismatch  -  Occurs  when  two  materials  have  different 
acoustic  impedances.  The  sound  is  reflected  according  to  the 
following  equation* 

Ar  >  AiC(Z2-Z1 >/(Z2«Z1 >) 

where  Ar  is  the  reflected  amplitude*  Ai  is  the  incident 
amplitude*  Z1  is  the  acoustic  impedance  of  the  first  material* 
and  Z2  is  the  acoustic  impedance  of  the  second  material. 

£11AU.  Velocity  -  In  acoustics*  the  speed  of  sound  in  a  material. 
Refers  to  the  velocity  at  which  a  phase  of  a  sound  wave*  such  as 
an  amplitude  peak*  propagates.  Synonymous  with  celerity. 
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GLOSSARY  OF  TERHINOLOGY  (CONTINUED) 


Pi#zo«l»ctric  -  natarials  Mhich  whan  strasMd  acquire  an 
•lactrical  charga  proportional  to  tha  atraaa.  Thaaa  matariala 
ara  tha  basic  alamant  in  most  instrumant-quality  transducers. 

Pink  Noise  -  Sound  having  a  constant  intensity  over  a  Hide 
frequency  range  -  a  **raal  Morld**  approximation  to  white  noise. 

Propaxate  -  Travel,  or  progress,  through  a  material. 

Ray  Tracinx  -  A  method  for  determining  tha  path  of  high 
frequency  sound  through  a  material.  For  the  method  to  be  used, 
the  sound  must  have  much  shorter  wavelengths  than  the  length  of 
the  path.  Snell's  Law  applies  at  material  discontinuities. 

Resonance  In  acoustics,  the  frequency  or  frequencies  at  which 
the  ratio  of  internal  sound  Intensity  to  excitation  intensity  is 
greatest.  The  acoustic  resonance  of  any  body  is  a  function  of 
its  material  properties  and  boundary  conditions. 

Spectral  -  Related  to  signal  intensity  represented  as  a  function 
of  frequency  (as  opposed  to  time). 

Spectrum  •  A  signal  represented  as  a  plot  of  intensity  versus 
frequency. 

Time  Domain  Sixnal  *■  A  signal  represented  as  a  plot  of  amplitude 
versus  time. 

Transducer  -  Device  which  transforms  mechanical  energy  into 
electromagnetic  energy. 

Two-Phase  Material-  Heterogeneous  substances  having  two 
components  with  different  states  of  matter.  Examples  would  be 
dry  sand  (gas-solid),  cavitating  flow  (gas-liquid),  or  wet  sand 
( liquid-solid ) . 

Ultrasonic  -  Sound  having  a  frequency  content  higher  than  the 
human  ear  can  detect.  Usually  meant  to  describe  sound  above 
20,000  Hz. 

UST  -  Underground  storage  tank.  Defined  by  the  Environmental 
Protection  Agency  as  a  tank  having  at  least  1 0  per  cent  of  its 
volume,  including  associated  piping,  underground. 
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GLOSSARY  OF  TERHUtOLOCY  (CONCLUDED) 


Wavguid#  -  Longt  slander «  body  fabrlcabod  from  a  hosoganaoua » 
iaotropiCf  alaablc  natarial  which  la  uaad  to  conduct  acouatic 
anargy  with  minimal  anargy  loaa. 

Whita  Noiaa  -  Idaally,  aound  having  a  conatant  intanaity  ovar  an 
infinita  fraquancy  ranga. 
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SECTION  I 


INTRODUCTION 


A.  INTRODUCTORY  REMARKS 

LmIcss*  from  undorground  storaga  tank  (UST>  ayatama 
containing  patrolauro  producta  haa  baan  idantlflad  aa  a  aarioua 
anvlronmantal  concarn  Mith  tha  potential  for  aavara  aconomlc 
Impacts  aa  mall.  Tha  United  Stataa  Environmental  Protection 
Agency  (EPA>  haa  propoaed  regulationa  which  would  requlra 
extenalve  modlflcationa  to  moat  exlatlng  UST  ayatama  if 
acceptable  leak  detection  ayatama  are  not  Inatalled.  In 
additions  the  atatea  of  Florida s  New  Yorks  and  California  have 
eatabliahed  apeclfic  regulationa  and  leak  detection  requirementa 
governing  new  UST  ayatem  inatallationa  (Is  2$  3>. 

Fews  if  anys  reliable  methoda  have  been  found  for 
underground  leak  detection  with  exlatlng  UST  ayatama.  The  moat 
common  methods  manual  reconciliation  of  inventorys  ia  baaed  on 
crudes  diacrete  meaaurementas  often  by  untrained  peraonnel. 
Conaequently s  the  method  ia  prone  to  human  error.  Leak 
detection  by  preaaurizlng  the  atorage  ayatem  for  verification  of 
the  ayatem *a  preaaure  boundariea  and  preciaion  liquid  level 
measurement  techniques  both  require  that  the  system  be  taken  out 
of  service  during  testing.  Alsos  these  methoda  detect  leaks s 
but  do  not  provide  information  on  the  location  of  leaks.  Others 
more  automated s  methods  under  investigation  at  this  time  include 
detection  of  fuel  vapors  in  the  soils  measurements  of  electrical 
resistance  in  soils  Installation  of  double  walled  tanka  with 
point  level  measuring  devices  in  the  bottom  of  the  annular 
spaces  and  acoustic  monitoring  for  leak  noise.  The  acoustic 
approach  ia  attractive  because  it  offers  the  potential  for 
providing  on-line  leak  monitoring  ands  in  additions  can  be  used 
for  locating  suspected  leaks. 


B.  OBJECTIVES 

The  overall  purpose  for  this  study  was  to  determine  the 
feasibility  of  using  acoustic  methoda  for  detecting  and  locating 
leaks  from  UST  systems.  This  purpose  was  addressed  as  four 
separate  objectives s  which  are  summarized  below > 

1 .  Determine  the  conditions  under  which  JP4  fuel  leaks 
produce  acoustic  emissions | 

2.  Oatermlna  tha  acoustic  characteristics  of  JP4  fuel 
leaks  from  UST  systems { 
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3.  Hmsups  and  avaluata  tha  acoustic  tranamlasion 
propsrtias  of  fill  natarials  commonly  used  at  UST 
installationai 

4.  Invastitata  ssnsor  dasisns  and  sansor  placamants  for 
optimizins  tha  capability  for  laak  dataction  in  UST 
ays tarns. 


C .  BACKGROUND 

Tha  Fadaral  Raaistar  for  April  ^7,  1987t  contains  ovar  200 
peso*  of  discussion  ralatins  to  tha  EPA*s  proposad  rulas  for 
ragulation  of  UST  systams.  For  patrolaum  UST  systamsy  tha  EPA 
has  proposad  that  sacondary  containmant  mith  intarstitial 
monitoring  Mill  not  ba  nacassaryy  but  that  **ralaasa  dataction 
must  be  Institutad  at  all  UST  systams  Tha  EPA  dafinition 

of  a  UST  systam  includas  tha  storaga  vasaal  and  tha  assoc iatad 
underground  piping y  when  more  than  10  percent  of  tha  total 
volume  is  located  below  ground.  The  EPA  has  proposed  that  a  3 
to  5  year  time  period  should  be  allowed  for  installation  of 
release  detection  equipment  at  existing  UST  systams. 

The  significance  of  tha  inclusion  of  associating  piping  in 
tha  definition  of  a  UST  system  is  made  apparent  whan  tha 
proposal  discusses  tha  axparianca  of  Suffolk  County y  New  Yorky 
where  6y200  inspections  have  bean  made  since  1960t 

...26  percent  of  tha  tank  systams  failed  under  tha 
conditions  of  tha  test.  Hhan  these  failed  systams 
were  partially  unearthed  and  investigated y  tha 
condition  of  non-tightness  was  discovered  (by  more 
than  a  1 0  to  1  margin)  to  ba  primarily  caused  by 
loose  fittings  on  top  of  tha  tank  or  faulty  piping 
in  need  of  repair  or  replacement  (1 >. 

In  terms  of  laak  dataction  methodology y  tha  EPA  has 
proposed  that  tha  regulations  will  be  satisfied  by  any 
technology  having  equal  or  batter  performance  than  those 
suggested  in  tha  EPA  proposal.  Of  the  six  methods  mentioned  in 
tha  proposal y  tha  tank  tightness  technique  appears  to  have  tha 
most  stringent  and  easily  measured  performance  standard y  which 
is  s  sensitivity  of  0.1  GPH.  The  EPA  discussion  states  that  the 
standard  is  only  realizable  in  UST  systams  having  capacities 
smaller  than  12y000  gallons.  However y  National  Fire  Protection 
Association  standards  call  for  an  even  more  stringent 
performance  standard  of  0.05  GPH  leakage  flow  as  a  minimum 
sensitivity  for  testing  of  tightness  in  UST  systams  (4>. 

An  annotated  bibliography  (5>y  Included  as  Appendix  Ay 
provides  additional  background  information  on  the  application  Of 


acoustic  tachniquas.  Tha  bibliosraphy  includas  rafarancas 
daacribint  acoustic  laak  monitoring  in  UST  or  similar  ayatama 
(6t  7(  8y  9»  lOf  lit  12t  13t  14t  15>  and  daacribing  tha 
application  of  tranaducars  and  Mavaguidas  to  acoustic  amissions 
monitoring  in  soils  (16,  17,  16,  19,  20,  21 >. 


D.  SCOPE  AND  APPROACH 

Tha  appoach  usad  in  addrasaing  tha  proJact*s  objactivas  mss 
to  axamina  axparimantally  tha  appropriata  physical  and  acoustic 
phanomana  in  a  tast  stand  which  was  larga  anough  to  allow 
duplication  of  acoustic  phanomana  at  a  prototypa  scala. 

Although  limitations  imposad  by  siza  pracludad  tasting  of  actual 
tank  acoustics f  it  was  possibla  to  usa  prototypa  scala  piping 
and  pipa  fittings  and  to  datarmlna  tha  transmission  qualitias  of 
soils  ovar  distancas  which  aliminated  acoustic  boundary 
condition  offsets.  Bacausa  tha  ovarall  faasibility  of  acoustic 
undargound  laak  dataction  involvas  tha  ralationships  of 
substantially  indepandant  variablast  tha  study  was  brokan  into 
the  five  distinct  efforts  described  below t 

1 .  A  literature  seach  was  conducted  to  provide 
additional  information  on  currant  practice  and 
research  status; 

2.  A  thorough  examination  was  made  of  sound  ganaratad  by 
leaks  in  piping  and  tha  pertinent  sound  generating 
characteristics  of  leaks; 

3.  Experiments  ware  conducted  to  determine  the  acoustic 
properties  of  typical  fill  materials  including  sand» 
gravel f  crushed  rocky  clayy  humus y  and  concrete y  with 
emphasis  on  fraquency-dapandant  attantuation. 

4.  Alternative  acoustic  sensors  and  waveguides  ware 
designed y  fabricated y  and  tasted. 

5.  Constraints  affecting  laak  dataction  ware  determined 
for  a  variety  of  laak  and  soil  combinations. 


E.  OVERVIEW  OF  REPORT 

A  search  of  tha  relevant  technical  literature  on  laak 
dataction  by  acoustic  omissions  monitoring  was  conducted y  and  an 
annotated  bibliography  was  prepared  (sea  Appendix  A).  Tha 
experimental  investigations y  described  in  this  report y  have 
provided  Information  on  several  fundamental  aspects  of  acoustic 
laak  dataction.  Tha  soil  tast  facility  and  instrumentation  usad 
in  this  research  aro  doscribad  in  Section  II.  Section  III 
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dlscuM«s  the  s«n«ratlon  of  noiso  by  loaks  and  daaeribaa  raaulta 
from  a  variaty  of  taata  Mith  air  laakay  matar  laaksy  and  fual 
laaka.  Sactlon  IV  includaa  raaulta  from  acouatic  attanuatlon 
taata  conductad  with  a  variaty  of  aoil  or  fill  matarialay 
including  aandy  organic  aoily  concratay  paa  gravaly  cruahad 
rocky  and  clay.  Concluaiona  ara  providad  in  Sac t ion  V. 
Racommandatlona  for  additional  aanaor  davalopmant  and  for  tha 
daaigny  prototype  production y  and  field  taating  of  a 
comprahanaiva  ayatam  for  underground  leak  detection  ara  providad 
in  Section  VI. 
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SECTION  II 


DESCRIPTION  OF  TEST  FACILITY  AND  INSTRUMENTATION 


A.  SOIL  TEST  FACILITY 

A  tMt  facility  for  Invaatigatinc  acoustic  propartiaa  of 
soil  Mas  daaignad  and  conatructad  for  this  study.  Tha  primary 
componant  of  tha  facility  is  an  acoustically  laolatad  container « 
or  **aoil  boX(**  maasuring  6  fast  long  by  4  faat  wida  by  4  faat 
daap.  Tha  soil  box  la  ahomn  in  Figure  1.  Tha  container  is 
isolated  from  ground-borna  sound  by  pads  consisting  of  alternate 
layers  of  acoustic  felt  and  mood.  Tha  pads  may  be  removed  if 
tha  admission  of  ambient  noise  is  desired.  An  infinite  acoustic 
environment  ia  simulated  by  lining  the  bottom  and  Malle  of  the 
soil  box  Mith  acoustically  absorbent  material  so  that 
reflections  from  the  sides  and  bottom  of  the  container  are 
minimized.  The  soil  box  also  provides  a  controlled  containment » 
for  disposal  purposes t  of  soils  contaminated  by  exposure  to  fuel 
leaks. 


Hydraulic  test  equipment*  also  ahoMn  in  Figure  1»  includes 
a  volumetric  tank*  fabricated  from  transparent  acrylic  plastic* 
for  measuring  leakage  rates;  tMo  air  tanka  for  pressurizing 
piping  and  controlling  floM  ratal  delivery  hoses  suitable  for 
use  Nlth  petroleum  products;  and  steel  pipas  and  fittings  for 
simulation  of  prototype  leak  conditions. 

The  test  bed  is  located  Indoors  so  that  soil  conditions  can 
be  controlled.  A  Hide  range  of  ambient  ground* boms  noise 
conditions  are  present  at  the  test  site.  Major  noise  sources 
include  heavy  machinery  (printing  presses)  in  the  building* 
traffic  noise  from  a  major  road  about  400  feet  distant*  and 
air-borne  noise  from  a  **hard  rock**  band  Mhich  occasionally 
practices  in  an  adjoining  office.  Control  over  the  ambient 
noise  is  exercised  by  conducting  experiments  either  during  the 
daytime  or  late  at  night. 


B.  INSTRUMENTATION 

Both  commercial  and  custom-designed  acoustic  instruments 
Mere  used  in  the  conduct  of  this  study.  The  primary 
instrumentation  consists'  of  a  high-speed  (up  to  25  MHz>*  tMO- 
channel*  analog-to-digltal  converter  Mith  an  arbitrary  Maveform 
generator  controlled  by  an  IBM-compatible  microcomputer.  Data 
acquisition  and  signal  analysis  softmara  includes  capabilities 
for  Fast  Fourier  Transforms  (FFTs)  of  single  time  records*  FFT 
averaging*  correlation  of  time  domain  Maveforms*  computation  of 
frequency  response  (transfer)  functions*  time  domain  dT  and  dY 


5 


Flgura  1 .  Soil  Box  and  Instrumantatlon 


msasuramants »  and  acoustic  anisslon  avant  countins  and  rata 
datarmination.  A  2  flHz  function  s^naratort  a  20  MHz  tao  channal 
analog  oscilloacopat  a  pink  noisa  s*n*ratori  a  20  aatt  linaar 
amplifiar,  an  analog  tapa  racordar«  a  broad-band  sound  laval 
matar*  and  an  optical  microscopa  aara  also  usad  in  tha  study. 
Much  of  this  instriimantation  can  ba  saan  in  Figura  1  . 


C .  TRANSDUCERS 

A  aida  ranga  of  transducar  typas  aara  usad  and  conparad. 
Tha  transducars  and  thair  spacif ications  ara  shoan  in  Tabla  1 . 
Tha  Raalistic  33-1089  microphona  aas  usad  as  a  microphona  and* 
ahan  protactad  aith  a  thin*  loa  inpadanca  plastic  filAf  as  a 
hydrophona . 

Savaral  laak  dataction  transducars »  basad  on  a  sansitiva, 
loa-cost  piazoalactric  filmy  aara  dasignady  fabricatady  and 
tasted  for  this  study.  Tha  Eclactech  soil  transducar y  shoan  in 
Figura  2y  includes  piazoalactric  film  sensing  alamants 
surrounded  by  acoustic  foamy  an  internal  poaer  supplyy  internal 
amplif icationy  and  a  metal  housing  for  noisa  reduction.  An 
accalaromatar/aavagulda  combination  is  also  shoan  in  Figura  2. 
Another  transducar  design y  shoan  in  Figura  3y  consists  of  an 
integrated  aavaguiday  transducary  and  amplifier.  Piazoalactric 
film  is  also  usad  as  tha  active  transduction  alamant  in  this 
design. 


TABLE  1.  SUMMARY  OF  TRANSDUCER  TYPES  AND  SPECIFICATIONS. 


t  1 

1  Manufacturer  &  Modal | 

Type 

1 

Frequency  Ranga  | 

Peak  FI 

1  1 

1 PAC  R-61  1 

1  1 

1 PCB  308B-2  1 

1  1 

1  Eclactech  Soil  I 

1  1 

1  Eclactech  Integrated | 

1  1 

1  i 

1  Raalistic  33-1089  | 

1  1 

1  1 

1  Raalistic  33-2050  | 

1  1 

AE 

30 

-  650  KHz  1 

100  KHzl 

Accel. 

10 

Hz  -  30<*>  KHzl 

30  KHzl 

Soil 

20 

Hz  -  2*  MHz  1 

flat  1 

Havaguida/ 

Transducar 

20 

Hz  -  20^  KHzl 

5  KHz  1 
10  KHzl 

Microphone/ 

Preamp 

20 

Hz  -  22  KHz  1 

flat  1 

Microphone/ 
Laval  Mater 

32 

Hz  -  10^  KHzl 

flat  1 

Figure  3.  Eclectech  Piezofllm  Havegulde/Transducer 


SECTION  III 


LEAK  CHARACTERIZATION  AND  TRANSDUCER  EVALUATION 


A.  SUHHARY 

A  fundanantal  purposa  for  Lhis  phaso  of  tha  invaati sat Iona 
Maa  to  dataralna  tha  influanca  of  laak  praaaura*  laak  typaa# 
fluid  typaa*  and  laak  caonatriaa  on  tha  eharactarlatlea  of  aound 
•anaratad  from  laaka.  Laak  nolaa  eharactarlatlea  mara  axamlnad 
In  ordar  to  Identify  tha  practical  applleatlona  and  limltatlona 
of  acouatlca  and  acouatic  amlaalon  taehnology  for  laak  datactlon 
and  monitoring.  Taat  raaulta  atrongly  Indicate  that  turbulent 
floK  through  tha  laak  orlflea  or  In  tha  adjacant  aoll  la  a 
nacaaaary  and  limiting  condition  for  paaalva  acouatic  laak 
datactlon.  Our  data  alao  indlcataa  that  tha  ganaration  of  laak 
nolaa  dapanda  on  a  complex  acouatic  ayatam  Mhlch  Ineludaa  tha 
pipe  gaomatry  and  exterior  aoll  eondltlona  In  addition  to  tha 
more  conventional  conaldaratlona  of  fluid  dynamlca  In  tha  laak 
orifice. 


B.  DESCRIPTION  OF  TESTS 

Laak  nolaa  ganaration  taata  Mara  conducted  In  tha  Eclactach 
facility  during  lata  evening  houra  to  minimize  tha  ambient  nolaa 
level.  Praaaurlzad  fuel  or  mater  Mae  dalivarad  to  a  2-inch 
diameter  Schedule  40  pipe  or  a  S-inch  diameter  Schedule  40  pipe 
(aaa  Figure  4).  Tha  liquid  delivery  ayatam  Included  a  clear 
plaatlc  volumetric  tank  from  Mhlch  floM  rate  could  be  deter¬ 
mined.  Praaaurlzatlon  Maa  either  from  tha  atatic  haad  of  tha 
volumetric  tank  <  for  vary  Iom  leak  rataa  >  or  from  an  air  tank 
(aae  Figure  1 ).  Laak  orlficaa  Mara  created  In  tha  pipe  malla  to 
repraaent  eondltlona  Mhlch  mould  typically  be  found  in  the 
field.  Each  teat  began  Mlth  a  determination  of  tha  leak  nolaa 
In  air  and  a  viaual  confirmation  of  tha  laak.  Naxtt  tha  pipe 
Maa  burled  in  tha  aoll  box  (typically  in  aandi  tha  moat  common 
fill  material).  After  the  aand  Maa  uniformly  packed  about  tha 
pipe*  tha  pipe  maa  praaaurlzad  to  about  30  PSI.  Tha  laak  rata 
Maa  noted  and  a  digital  recording  of  the  leak  nolaa  maa  taken 
from  the  pipe  mall  mlth  an  aecaleromater  located  near  the  leak. 
The  preaaura  to  the  leak  maa  then  reduced  by  10  PSI  and  tha 
recording  procaaa  maa  repeated.  Thla  cycle  maa  repeated  until 
tha  laak  became  undetectable.  Pertinent  leak  dimenalona  are 
Hated  balON  In  Table  2. 
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Flgura  4.  Two-Inch  and  Six-Inch  Piping  Sactiona  for  Laak 
Sourca  Charactarizatlon. 


TABLE  2.  SUraiARY  OF  LEAK  DIMENSIONS 


Laak  Typa 


Wall 


1 

1 

Thlcknaaa  I 
( Inchaa )  I 

( inchaa  > 

1  (inchaa) 
1 

1 

Thraadad  (2**>i 

1 

1 

n/a  i 

1 

<1 

1 

1  <.03 

1 

1 

Pin  Kola  (2**>| 

1 

1 

.16  1 

1 

.06 

1 

1  .06 
1 

1 

Pin  Hola  (6**)! 

1 

1 

.31  1 

1 

.06 

1 

i  .06 

1 

1 

Flanga  ( 6** )  | 

1 

1 

n/a  I 

<2 

1 

1  <.01 

1 

1 

Crack  <  6" )  I 

1 

.31  1 

1  .75 

1 

I  <.01 

Major  Langth 


Minor  Langth 


C.  TEST  RESULTS 

Tha  firat*  and  moat  aignlf leant »  raault  of  our  taating  Maa 
vari float ion  that  Iom  praaaura»  alngla  phaaa  laaka  ara  not 
acouatlcally  actlva.  Typically f  fual  laaka  into  aand  bacama 
Inaudlbla  at  about  2  PSI  acroaa  tha  laak.  Although  tha  point  at 
Mhlch  a  laak  bacama  audibla  t«aa  found  to  ba  ralatad  to  tha  laak 
valocity*  tha  valocity  itaalf  Maa  not  conaiatant  for  conatant 
praaauraa  and  laak  oriflca  aizaa.  Laak  valocitiaa  ara  an 
unknoMn  quantity  in  tha  fiald*  ao  tha  moat  valid  pradictor  of 
laak  audibility  Mill  ba  tha  ayatam  praaaurat  Mhlch  la  ganarally 
knoMn  or  can  aaaily  ba  maaaurad.  Tha  minimum  praaaura  for  an 
audibla  laak  variad  from  about  2  PSI  to  5  PSZ.  Tharafora» 
paaaiva  acouatic  laak  datactlon  appaara  to  ba  only  faaaibla  in 
ayatama  Mhlch  oparata  undar  at  laaat  5  PSI  of  poaitiva  praaaura 
acroaa  tha  laak  or  Mhlch  can  ba  praaaurizad  to  thia  laval  for 
purpoaaa  of  laak  datactlon.  Tha  minimum  laak  rata  Mhlch  can  ba 
acouatlcally  datactad  at  thaaa  praaauraa  ia  a  function  of  tha 
aiza  of  tha  laak  or 1 flea. 

For  amall  laaka  Mlth  flOM  rataa  undar  5-10  GPH«  tha  laak 
hiatory  into  tha  adjacant  aand  had  a  dacidad  influanca  on  tha 
f loM  rata  and  tha  minimum  praaaura  nacaaaary  for  ganaratlon  of 
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Immk  nolsa.  Typically t  claan  dry  aand  raaultad  in  largar  floH 
rates  for  a  given  system  pressure  than  fuel-  or  Mater-soaked 
sand.  If  the  leak  history  included  a  large  floH  rate  (20  CPH  or 
more)  under  significant  pressursf  the  minimum  audible  pressure 
decreased  and  the  floM  rate  increased.  Post-test  examinations 
of  the  sand  adjacent  to  the  leak  site  revealed  that  the  larger 
leaks  created  voids  in  the  sand  at  the  leak  site.  This 
indicates  that  increased  flow  rates  observed  after  a  large  leak 
are  the  result  of  an  increased  cross-sectional  area  of  inter¬ 
stitial  space  available  to  the  leak  discharge f  decreasing  the 
pressure  necessary  to  maintain  a  given  floM  rate.  Ffaximum  leak 
rates  for  an  orifice  occur*  of  course*  Nhen  the  discharge  is 
into  the  air  rather  than  into  the  soil.  Table  3  lists  the 
effects  of  soil  types  on  the  generation  of  sound  by  a  leak 
discharge  to  the  soil*  compared  to  discharge  into  air. 


TABLE  3.  DRIVING  PRESSURE  FOR  tllNIMUK  DETECTABLE  FUEL  LEAKS 


Soil 

Type 

1 

Leak  Type 

1 

1 

Minimum  Pressure  for 
Leak  Noise  Generation 

Air 

1 

1 

1 

pin  hole 

1 

1 

1 

2 

PS  I 

Air 

1 

1 

1 

threaded 

1 

1 

1 

2 

PSI 

Air 

1 

1 

crack 

1 

1 

2 

PSI 

Pea 

Gravel 

1 

1 

pin  hole 

1 

1 

2 

PSI 

Sand 

<  dry ) 

1 

1 

1 

pin  hole 

1 

1 

1 

2-4 

PSI 

Sand 

(Met) 

1 

1 

1 

pin  hole 

1 

1 

I 

3-7 

PSI 

Sand 

<  dry ) 

1 

1 

threaded 

1 

1 

2-4 

PSI 

Clay 

(damp) 

1 

1 

pin  hole 

1 

1 

2-7 

PSI 

The  magnitude  and  frequency  of  leak  noise*  once  turbulent 
floM  Mas  reached*  depended  on  acoustic  characteristics  of  the 
leaking  system*  not  Just  on  system  pressure.  With  the  6  inch 
piping*  all  leak  types  gave  a  characteristic  noise  having  a  : 
sharp  peak  at  5  KHz*  as  shoMn  in  Figure  5. 
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.5  gph,  40  psi  Hater  Leak  froM  6  inch  Dia  Pipe 
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•AT^VT^U 
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CO 


Plsur«  5.  Frequsncy  Spectrum  for  Leak  Noise  from  Six- Inch  Pipe 


Flsure  5  Is  typical  of  ths  output  from  the  microcomputer- 
based  signal  analysis  used  to  characterize  the  acoustic 
characteristics  of  leaks  and  soil  and  to  determine  the  sound 
transmission  properties  of  soil.  The  upper  trace  displays  the 
output  signal  from  the  transducer  as  a  function  of  time.  The 
loMer  trace  presents  the  output  from  a  Fast  Fourier  Transform 
(FFT>  operation  performed  with  32  averages  of  the  time  varying 
signal  from  the  transducer.  The  ordinate  is  the  relative 
intensity  of  the  signal  from  the  transducer.  The  abscissa  at 
any  point  in  the  lower  trace  is  the  frequency.  The  scale  for  the 
frequency  axis  is  provided  in  scientific  notation  at  the  top  of 
the  lower  trace.  The  time-domain  data  from  Figure  5  indicates 
that  the  sound  level  was  nearly  uniform*  and  the  spectral  plot 
from  the  figure  indicates  that  the  bulk  of  the  acoustic  energy 
from  this  leak  was  centered  at  about  5  KHz. 

Figure  6  is  a  frequency  spectrum  from  the  pipe  caused  by 
frictional  excitation  near  the  leak  site.  The  5  KHz  peak  in  the 
leak  noise  is  obviously  a  result  of  pipe  resonance  and  not  a 
characteristic  of  the  leak  noise.  The  resonance  in  question  is 
Just  under  the  calculated  first  harmonic  of  both  the 
longitudinal  wall  resonance  and  the  circumferential  wall 
resonance  for  the  18- inch  pipe  length  between  the  flanges.  This 
is  based  on  a  speed  of  sound  in  the  pipe  wall  of  16*000  feet  per 
second  (ft/s)*  which  is  a  good  value  for  an  extenslonal  wave  in 
steel.  .The  1*000  Hz  peak  is  apparently  a  mechanical  resonance 
in  the  pipe.  The  2-inch  pipe  with  threaded  ends  and  unequal  end 
conditions*  rather  than  heavy  identical  flanges*  did  not  exhibit 
an  extenslonal  mode  resonance  for  the  longitudinal  direction. 
Figure  7  shows  a  spectrum  measured  when  the  2-inch  pipe  was 
externally  excited.  Most  of  the  leak  spectra  measured  for  the 
2-inch  pipe  contain  a  peak  near  500  Hz.  The  cause  of  this 
relatively  low  frequency  peak  is  thought  to  be  a  bending  mode  in 
the  pipe.  The  higher  1 *600  Hz  peak  can  be  identified  as  a  shear 
wave  mode  propagating  in  quarter  wave  lengths  due  to  the  unequal 
end  conditions  created  by  fittings  at  the  pipe  ends.  The 
obvious  conclusion  that  can  be  drawn  from  these  figures  is  that 
leak  noise  radiated  from  a  piping  system  will  be  modified  by 
resonances  in  the  pipe  and  pipe  walls. 

Figures  8  through  1 1  show  typical  spectra  for  water  leaks 
at  leak  differentials  of  5  PSI*  10  PSI *  20  PSI*  and  30  PSI  from 
a  1 /16-inch  pin  hole  in  the  2-lnch  pipe.  Similar  resonant  peaks 
occurred  at  each  pressure.  Also*  amplitude  did  not  increase 
significantly  or  consistently  with  pressure.  This  suggests* 
again*  that  a  primary  factor  in  the  generation  of  leak  noise* 
once  turbulent  flow  is  achieved*  is  the  ability  of  broad  band 
leak  noise  to  drive  the  natural  pipe  resonances. 


ExaMple  of  6  inch  Pipe  Resonance 
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Figure  6.  Frequency  Spectrum  for  Frictional  Excitation  of 
Six~Inch  Pipe. 


Exiwple  of  Kesonance  of  2  inch  Pipe 


Flgur*  7.  Frequency  Spectrum  for  Extornal  Excitation  of 
IMO-Inch  Pipe. 


ie 


spectrum  for  Pin  Hol«  Water  Leak  to 
Inch  Pipe  at  S  PSI. 


29  gph  10  psi  Pin  Hole  Hater  Leak  to  Sand 


Frequency  Sp«c%run  for  Pin  Holo  Hator  Laak  to 
Sand*  TMO-Inch  Plpa  at  10  PSI. 


Spvctrum  for  Pin  Hole  Uator  Laak  to  Sand 
>lpa  at  20  PSI. 


50  gph,  30  psi  Pin  Hole  Hater  Leak  to  Sand 
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at  30  PSI 


FigurM  12  through  15  shOM  typical  spactra  for  fuel  laaka 
at  laak  dif farantiala  of  5  PSl,  10  PSI,  20  PSI,  and  30  PSI  from 
a  1/1 6- inch  pin  hola  in  tha  2-'inch  pipa.  By  compariaon  with  tha 
corraaponding  figuraa  for  Matar  laaka «  volumatric  laak  rataa  ara 
higher  in  each  caaa  for  fuel  than  for  Hater.  At  loner  leak 
preaaurea  (and*  conaequently*  loner  flon  ratea>»  the  character- 
iatica  of  the  apectra  are  quite  aimilar  for  fuel  leaka  and  nater 
laaka.  At  20  and  30  PSIt  a  dramatic  difference  occura.  The 
bulk  of  the  energy  non  appaara  belon  2*000  Hz.  The  time  trace 
for  the  30  PSI  leak  ahona  that  the  aignal  naa  ao  atrong  that  the 
aampling  electronica  nere  over-ranged.  The  auddan  appearance  of 
auch  high  levela  of  energy  indicated  that  a  fundamental  change 
had  taken  place  in  the  leak  dynamica.  Subaequent  teata 
Indicated  that  thia  naa  due  to  fuel  vaporization  occurring  at 
the  leak  orifice. 


D.  COMPARISON  OF  TRANSDUCER  TYPES 

The  final  acouatic  teata  nith  actual  laaka  Involved  a 
compariaon  of  tranaducer  typea.  Figure  16  preaenta  a  frequency 
apectrum  for  data  taken  nith  the  commercial  acouatic  emiaaion 
tranaducer.  (Note  that  the  frequency  acale  in  Figure  16  ia  from 
0  to  100  KHz.)  Thia  apectrum  demonatratea  that  the  tranaducer 
naa  inaenaitive  to  aound  belon  20  KHz.  Becauae  the  energy 
content  of  fuel  leaka  ia  typically  belon  5  KHz*  thia  type  of 
tranaducer  ia  inappropriate  for  uae  in  detecting  Ion  praaaure 
fuel  leaka. 

Figure  17  ahona  the  reaulta  obtained  through  one  foot  of 
aand  nith  the  Eclectech  aoil  microphone.  Thia  naa  the  only 
tranaducer  teated  that  could  detect  leak  noiae  through  aand 
nithout  a  naveguide.  Figure  18  preaenta  a  plot  of  leak  noiae 
detected  nith  the  Eclectech  integrated  tranaducer/naveguide  nith 
one  foot  of  aand  betneen  the  leak  aite  and  the  naveguide.  The 
amall  peak  near  6*000  Hz  coincidea  nith  a  calculated  acouatic 
reaonanca  of  the  naveguide.  Although  thia  device  doea  not 
require  direct  contact  nith  a  piping  ayatem  or  tank*  direct 
contact  ia  beat  for  optimal  performance.  The  tranaducer- 
naveguide  combination  can  be  reproduced  at  about  1/3  of  the  coat 
of  an  accelerometer*  and  it  alao  haa  directional  aenaitivity* 
nhich  could  ba  important  for  determining  leak  location. 

Finally*  Figure  19  ahona  a  plot  of  data  obtained  from  a 
nater  leak  of  0.1  GPH*  detected  nith  an  accelerometer  mounted 
directly  on  the  pipe  nail  and  the  leak  diacharging  to  air.  Thia 
naa  the  amalleat  leak  rate  detected  acouatically .  The  leak 
differential*  honever*  naa  50  PSI. 
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Sp«ctrun  for  Pin  Hol«  Fuol  Loak  to  Sand 
Ipa  at  5  PSI. 


Figur*  13.  Frequency  Spectrum  for  Pin  Hole  Fuel  Leak  to  Sand 
Teo-Inch  Pipe  at  1 0  PSI. 


51  gph,  20  ipsi  Pin  Hole  Fuel  Leak  to  S 
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to  Sand 


AE  Leak  IransAucep  on  Pipe  Hall,  4.3  gph  48  psi 
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Pltur«  16,  Fr«qu«ncy  Spectrum  for  Leak  Noisa  at  Plpa  Hall 
Commarclal  AE  Tranaducar. 


11  gph  4B  psi  Nater  Uak  tlirousih  1  foot  of  Sand 


Fr«qu«ney  Sp«ctrun  for  LMk  ttolmm  Through  Smnd 
Ecl«et«eh  Soil  Transdueor. 
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.1  gph  50  nisi  Hater  leak  to  SanJ  fnm  Pipe  Hall 


Fltur*  19.  Fr«qu«ney  Spectrum  for  Minimum  Dotoctablo  Hator 
Laakf  Plpa  Hall  Accalaromator. 


E.  CONCLUSIONS  FROM  LEAK  CHARACTERIZATION  TESTS 


Th«  pr«c«dlns  Motions  havs  discusssd  Instrumantation* 
msthodolocyi  and  rssults  from  sxparlmsnts  conductsd  to  charac- 
tsriza  ths  sansratlon  of  nolss  from  pips  Isaks.  Important 
rssults  ars  summarizsd  bsloM* 

1 .  Passive  acoustic  leak  detection  Hill  be  most  successful 
Hith  leak  differential  pressures  of  5  PSI  or  more. 

2.  Direct  transducer  contact  or  Mavesuides  contacting  the 
pipe  surface  are  necessary  for  acoustic  leak  detection 
in  sandf  clay*  and  organic  soils.  With  gravels  and 
concrete t  direct  contact  is  preferable  but  not  necessary 
(see  Section  IV). 


3.  Through-soil  acoustic  devices  Hill  only  be  useful  for 
locating  rather  than  detecting  leaks.  Through-soil 
devices  should  not  be  used  as  a  primary  means  of  leak 
detection  due  to  the  high  attenuation  in  most  soils. 

4.  Pipe  Mall  resonances  heavily  contribute  to  leak  noise. 
Field  tests  are  needed  to  characterize  natural  acoustic 
frequencies  of  typical  pipe  and  storage  tank  install¬ 
ations.  With  this  information »  Maveguides  and  trans¬ 
ducers  can  be  selected  to  offer  optimal  performance. 

5.  Leak  noises  Here  easily  detected  in  the  presence  of  very 
h.igh  air-borne  noise  levels  because  of  the  extreme 
attenuation  of  the  noise  in  sand.  In  UST  installations 
Mhere  sand  is  used  as  the  backfill  material*  soil-borne 
background  noise  should  not  be  a  problem.  An  assessment 
of  background  noise  levels  can*  and  should*  be  made  as 
part  of  any  test  procedure. 

6.  Large  tanks  mere  not  examined  in  this  study. 

Preliminary  data  obtained  from  a  55  gallon  drum 
containing  mater  confirms  that  fluid  level  as  mell  as 
soil  contact  area  mill  affect  tank  acoustics.  Field 
tests  on  prototype  scale  tanks*  homever*  are  necessary 
for  a  complete  evaluation  of  acoustic  leak  detection  in 
tanks.  It  is  probable  that  hydrophone  sensors  placed  in 
the  liquid  Mill  provide  the  most  cost  effective  and 
sensitive  method  of  detecting  leaks  in  large  storage 
tanks.  The  previous  conclusions  pertaining  to  minimum 
pressures  necessary  for  generation  of  detectable  leak 
noises  apply  to  tanks  as  mell  as  piping. 
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SECTION  IV 


ACOUSTIC  ATTENUATION  IN  SOIL 


A.  FUNDAMENTAL  BACKGROUND  INFORMATION 

Th«  folloxins  parasraphx  prasant  a  briaf  diacuaaion  of  tha 
varioua  nachaniama  for  tha  attanuation  of  aound  and  thair 
application  to  aoil  acouatica.  Thaaa  naehaniaaa  includa 
abaorption*  impadanca  mianatehi  apraadintf  acattarinst  and  Moda 
convaraion. 

Abaorption  ia  tha  convaraion  of  phaaadf  diractional 
acouatic  anarsy  into  haat  and  othar  diaorganizad  foma  of 
kinatic  anarsy.  Sound  attanuation  can  occur  dua  to  inpadanca 
miamatch  aa  acouatic  anarsy  ia  raflactad  at  aurfacaa  formad  by 
diaaimilar  matariala.  Impadanca  miamatch  ia  tha  baaia  for 
ultraaonic  inapaction  tachniquaa  (raflaction  from  air  or  vacuum 
pockata  in  tha  matal )  and  ia  alao  raaponaibla  for  tha  bulk  of 
attanuation  in  txo  phaaa  matariala  auch  aa  aoila. 

Spraadint  rafara  to  a  dacraaaa  in  anarsy  dua  to  tha 
saomatry  of  tha  path.  A  xava  xith  a  pure  point  aourca  in  an 
infinita  anvironmant  xill  hava  a  apharical  configuration  and 
Mill  dacraaaa  in  amplituda  xith  tha  invaraa  of  tha  diatanca. 
(Poxar  obaya  tha  invaraa  aquara  rula. >  Thia  ia  indapandant  of 
abaorption.  Uauallyi  aound  aourcaa  ara  not  point  aourcaa  and 
ara  diractional.  Tha  highar  tha  fraquancy  of  tha  aound »  tha 
mora  diractional  it  tanda  to  bacoma.  Furthary  moat  anvironmanta 
ara  confinadf  ao  that  aound  ia  raflactad  back  from  tha  confining 
aurfacaa.  Thua»  in  a  rod  xith  a  diamatar  much  amallar  than  tha 
xavalangth  of  tha  aound f  apraading  can  ba  naglactad.  In  bodiaa 
much  largar  than  tha  xavalangth*  it  muat  ba  conaidarad. 

High  fraquancy  aound  ia  highly  diractional*  and  ray  tracing 
tachniquaa  can  ba  uaad  to  datarmina  patha  of  propagation  in 
aimpla  gaomatriaa.  Hoxavar*  impadanca  miamatchaa  xith  rough 
aurfacaa  can  cauaa  acattaring  in  multipla  diractiona.  Thia 
phanomanon  ia  commonly  aaan  in  eaat  matala.  Sound  ia  artanuatad 
by  apraading  and  anargy  loaa  in  tha  raflactiva  machaniam.  Whan 
tha  madium  of  tranamiaaion  ia  a  aolid*  moda  convaraion  alao 
occura.  A  longitudinal  xava  incidant  at  an  angla  (othar  than 
normal >  on  a  plana  aurfaca  xill  raf lact  aa  both  a  longitudinal 
and  a  polarizad  ahaar  xava.  A  vartical  ahaar  xava  xill  raflact 
aa  both  a  longitudinal  xava  and  a  vartical  ahaar  xava.  Only  a 
horizontal  ahaar  xava  or  a  longitudinal  xava  having  normal 
incidanca  xill  raflact  xlthout  convaraion  of  aoma  anargy  into 
anothar  xava  moda.  Thaaa  machaniama  can  raault  in  diaparaion  of 
acouatic  anargy  in  both  apaca  and  tima.  Othar  attanuating 
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mschanlams  Includa  hlsh  lavals  of  fluid  viacoaity*  nultipla 
matarial  rasonancaa*  and  dynamic  ehansoa  in  material  propartiaa 
auch  aa  thoaa  aaan  in  the  praaanca  of  ahock  mava  fronta. 


B.  OVERVIEW  OF  ACOUSTIC  TESTS  IN  SOIL 

Taata  wara  conducted  to  determine  the  acouatic  propartiaa 
of  aelected  aoll  mater iala  and  concrete.  The  aoil  mater iala 
teated  Included  aandt  organic  aoil,  pea  gravel,  cruahed  rock, 
and  clay.  For  theae  teata,  the  primary  amphaaia  maa  placed  on 
aand,  mhich  is  the  most  commonly  used  backfill  material  for 
underground  storage  tanka. 

The  soil  characterization  teats  consisted  of  an  Initial 
determination  of  dry  bulk  density  and  physical  composition.  The 
dry  bulk  density  mas  determined  by  meighing  a  knomn  volume  of 
the  soil  material.  A  microscopic  examination  of  the  subject 
material  was  conducted  with  an  optical  microscope  to  estimate 
characteristics,  such  as  particle  size  range  and  dimensions  of 
Interstitial  spaces.  The  soil  material  was  then  exposed  to  both 
fuel  and  water,  and  absorption  traits  were  noted.  Finally,  the 
basic  acoustic  properties  of  attenuation  and  phase  velocity  were 
measured . 

Soil  properties  are  rarely  uniform,  even  whan  samples  are 
acquired  from  a  single,  well-defined  location.  Soil  bulk 
density,  for  example,  is  dependent  on  the  degree  of  compaction 
as  well  as  the  particle  density.  Clay  may  exhibit  a  bulk 
specific  gravity  of  only  1.25  or  less  if  it  is  loosely 
compacted,  for  example.  When  tightly  compressed,  the  same 
sample  may  exhibit  a  bulk  specific  gravity  approaching  2.0. 
Although  we  have  tested  at  prototype  scales  in  order  to  obtain 
data  typical  of  field  conditions,  our  results  are  specific  to  a 
limited  range  of  conditions  and  materials.  Therefore,  results 
should  be  considered  as  an  indicative  subset  of  the  soil 
properties  which  can  occur  in  the  field,  rather  than  as  a  set  of 
values  which  can  be  precisely  applied  to  any  field  condition. 

The  results  from  the  soil  characterization  tests  are  presented 
below  for  each  of  the  tested  soil  materials. 


C.  ACOUSTIC  TESTS  WITH  SAND 

The  sand  which  was  used  in  the  study  had  particle  sizes 
ranging  from  0.005  mm  to  over  2.0  mm  in  diameter.  The  average 
particle  size  was  on  the  order  of  0.3  mm  in  diameter  and  would 
be  classified  as  a  "medium**  sand  by  the  U.S.  Department  of  Agri¬ 
culture.  The  bulk  specific  gravity  was  approximately  1 .5.  The  ' 
individual  particles  were  irregular  in  shape  with  rough. 
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fractursd  surfacss.  Tha  particlas  wara  uniformly  tranalucant 
Mith  tha  light  ambar  to  Mhita  color  typical  of  quartz.  Juat 
undar  45X  of  tha  bulk  voluma  conaiatad  of  intaratitial  apacai 
baaad  on  tha  voluma  of  matar  abaorbad  by  tha  dry  matarial.  Tha 
longaat  fraa  patha  in  tha  intaratitial  apacaa  mara  typically 
laaa  than  0.5  mm  in  langtht  with  a  non-uniform  croaa  aactlon. 

Both  Matar  and  fual  mara  obaarvad  to  raplaca  air  in  tha 
intaratitial  apacaa  of  aand.  Typical lyt  tha  aand  maa  laaa 
abaorbant  to  fual  than  to  matar.  Watar  abaorption  maa  about  45g 
of  tha  voluma  of  tha  sand.  Fual  absorption  mas  about  25X  of  tha 
voluma  of  tha  sand.  Thia  diffaranca  appaars  to  ba  a  function  of 
intaratitial  dimanaiona.  Tha  fual  did  not  panatrata  into  tha 
smallar  apacaa  as  a  conaaquanca  of  hlghar  surfaca  tanalona  and 
vapor  prassuras  than  ara  praaant  mith  matar. 

Tha  drainaga  of  matar  and  fual  from  tha  aand  mars  also 
markadly  diffarant.  Hatar  tandad  to  laava  tha  intaratitial 
apaca  undar  tha  affact  of  gravity  in  a  mattar  of  hours.  Tha 
fual I  on  tha  othar  hand*  laft  an  oily  dapoait  on  tha  aurfaca  of 
individual  grains  and  tandad  to  ramain  in  tha  amallar 
intaratitial  apacaa.  Tha  fual  "contamination**  can  apparently 
paraiat  for  periods  of  months*  as  fual  can  still  ba  obaarvad  in 
aand  mhlch  maa  axpoaad  to  fual  at  tha  beginning  of  thia  study. 
(Thia  has  negative  implications  for  leak  datactlon  ayatams  mhich 
use  davicaa  that  maaaura  fual  vapor  concantrationa  in  aoila. > 

Taata  mars  conducted  to  characterize  acoustic  attenuation 
in  uncompactad*  compacted*  and  matar-aaturatad  aand.  A  1 .5  inch 
diamatar  high- frequency*  high-fidelity  loudapaakar  mas  used  in 
conjunction  mith  a  signal  generator  as  sound  source.  Tha 
speaker *s  plastic  cons  mas  placed  in  direct  contact  mith  tha 
sand.  Tha  projection  axis  of  tha  speaker  mas  placed  5  inches 
belom  tha  surfaca  of  tha  sand  and  oriented  to  emit  horizontally 
along  tha  soil  box*s  long  (6  foot)  axis.  Tha  speaker  mas  driven 
mith  singla-fraquancy  sinusoids  ranging  from  500  Hz  to  20  KHz. 

A  mavaguida  consisting  of  a  1/2  inch  diamatar  aluminum  rod  maa 
placed  vertically  in  tha  sand  three  inches  from  tha  face  of  tha 
speaker.  A  commercially  available  piazoalactric  transducer  (PCB 
308B-2  >  having  flat  raaponaa  characteristics  balom  1 0  KHz  mas 
mounted  on  tha  aluminum  rod.  Readings  mars  taken  from  tha 
transducer  at  each  test  frequency  to  verify  tha  speaker *s 
fidelity  and  to  obtain  baseline  readings.  A  second  identical 
mavaguida  and  transducer  mare  located  15  inches  from  tha  front 
of  tha  speaker.  Readings  at  intervals  of  500  Hz  mars  taken  from 
both  locations  and  compared.  A  commercial  sound-level  matar  mas 
used  to  ensure  that  tha  speaker  output  remained  constant  for 
each  frequency  throughout  tha  test.  Tha  results  from  tha  tests* 
expressed  as  a  percentage  of  signal  amplitude  remaining  after 
transmission  and  as  a  coefficient  of  attenuation*  ara  given  in 
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Table  4.  Table  4  comparea  reaulta  for  dry  unconpacted  aand  and 
aaburated  aand.  Table  5  comparea  reaulta  for  unccsmpacted  and 
compacted  dry  aand  elth  compacted  met  aand.  (For  compariaon 
purpoaea*  it  should  be  noted  that  the  Eclectech  soil  transducer 
Mas  able  to  detect  the  acoustic  sisnal  to  StOOO  Hz  in  dry 
uncompacted  sand  at  the  same  distance  from  the  source). 


TABLE  4.  ATTENUATION  RESULTS  FOR  DRY  AND  NET  SAND. 


Frequency 

1 

Uncompacted  Dry  Sand 

! 

Uncompacted  Wet  Sand 

(Hz) 

i(X  baseline)! 

( dB/f t ) 

!(S  baseline)! 

( dB/f t ) 

500 

! 

1 

1 

H 

34 

! 

9.3 

! 

! 

1 

! 

! 

68 

! 

1 

3.3 

1  ,000 

14 

1 

! 

1 

17.2 

49 

1 

! 

I 

6.2 

2,000 

1 

1 1 

1 

1 

19.2 

11 

1 

1 

1 

19.2 

2,500 

1 

near 

ambient 

! 

10 

1 

1 

20.0 

3,000 

! 

ambient 

! 

ambient 

TABLE  5.  ADDITIONAL  ATTENUATION  RESULTS  FOR  SAND. 


I  Frequency! Uncompacted  Dry  |  Compacted  Dry  |  Compacted  Wet  I 


!  (Hz) 

! ( Xbase ) ! ( dB/f t ) 

1 

( Xbase )!(dB/ft)! 

(  Xbase ) ! ( dB/ft ) ! 

! 

! 

! 

! 

! 

1 

! 

! 

!  500 

! 

34 

!  9.3 

1 

- 

1 

-  ! 

- 

! 

- 

1 

1 

1 

1 

! 

1 

! 

! 

! 

!  750 

! 

19 

!  14.5 

1 

22 

! 

13.1  ! 

25 

! 

12.0 

1 

! 

! 

1 

! 

1 

! 

1 

1 

!1000 

1 

14 

!  17.2 

! 

08 

! 

21 .6  ! 

23 

! 

12.9 

! 

! 

! 

1 

! 

! 

! 

! 

! 

!1500 

! 

12 

!  18.4 

! 

17 

! 

15.5  ! 

45 

1 

7.4 

1 

! 

! 

! 

1 

! 

! 

! 

1 

!2000 

! 

11 

1  19.2 

1 

24 

1 

12.4  ! 

39 

! 

6.2 

! 

! 

♦  — 

..4> - - - - 

! 

1 

1 

! 

!2500 

! 

ambient 

1 

28 

1 

11.1  1 

28 

1 

11.1 

! 

1 

1 

!3000 

! 

ambient 

! 

7 

1 

1 

23.5  ! 

ambient 

! 
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As  •xpsctsdi  attsnuation  of  sound  In  ssnd  mss  significant 
and  frsqusncy  dapsndant.  Ths  unsxpsctsd  dacrsasss  in 
attsnuation  with  incraasing  frsqusncy  obasrvsd  in  conpactsd  sand 
appsar  to  bs  ths  rsault  of  multipls  savs  cslsritlsa  in  ths 
natsrial.  Local  maxima  of  acoustic  snargy  movs  in  frsqusncy  and 
location  with  changss  in  moisturs  contsnt  and  stats  of 
compaction.  Othsr  obasrvsd  propsrtisa  includs  pronouncsd 
acattsringt  anisotropic  absorption*  and  a  nonlinsar  rssponss  of 
attsnuation  to  surfacs  loading  (both  hsavy  loading  and  light 
loading  incrsass  attsnuation. )  Ths  most  obvious  implication  of 
ths  data  is  that  mors  than  a  fsw  fsst  of  sand  will  sffsctivsly 
absorb  all  Isak  nolss  from  small*  high-prsssurs  Isaks*  which 
typically  smit  ths  bulk  of  thsir  acoustic  snsrgy  abovs  1*000  Hz. 

Ths  importancs  of  sslsctlng  an  appropriats  transducsr  for 
ths  dstsctlon  of  sound  in  sand  can  not  bs  ovsrsmphasizsd. 
nicrophonss*  which  ars  Intsndsd  for  uss  in  air*  and 
accslsromstsrs*  Including  AE  transducers  which  ars  intsndsd  for 
uss  directly  attached  to  solids*  do  not  couple  efficiently  with 
sand.  The  Eclsctsch  soil  transducsr  gave  ths  best  performance 
of  ths  transducers  tested  due  to  its  low  acoustic  impedance  and 
relatively  large  active  surfacs  area.  Accslsromstsrs  can  also 
bs  used  with  sand  if  waveguides  ars  employed  to  increase  ths 
effective  contact  area.  Table  6  compares  ths  relative 
efficiency  of  various  transducsrs/wavsguidss  for  uss  with  sand. 
Ths  tests  were  conducted  with  a  1*000  Hz  sound  source  through  1 
foot  of  dry  uncompactsd  sand.  Ths  microphone  was  also  tested  in 
damp  compacted  sand  to  show  ths  effects  of  moisture  (or  fuel)  on 
interstitial*  air-borne  sound.  A  commercial  accelerometer  (PC 
3086-2)  was  used  for  evaluation  of  waveguide  types. 

A  variety  of  test  methods  were  attempted  to  determine  the 
celerity  (wave  speed)  of  sound  in  sand.  The  method  which  proved 
most  satisfactory  was  the  most  basic:  time  of  flight  over  a 
known  distance  for  an  impulse  signal.  Identical  accelerometers 
were  buried  under  6  inches  of  sand  one  foot  apart.  An  impulse 
signal  was  then  introduced  to  the  sand  through  an  aluminum  rod 
located  7  inches  from  the  transducer  serving  as  the  trigger  for 
the  electronics.  The  time  differences  between  similar  portions 
of  the  measured  waveforms  at  the  two  transducers  were  measured 
to  determine  the  wave  celerities.  Figure  20  is  typical  of  the 
time  traces  made  to  determine  celerity.  Table  presents  the 
celerity  results  calculated  from  the  recorded  data.  Multiple 
celerities  were  observed.  The  most  significant  fact  is  that  in 
the  case  of  fuel-dampened  sand*  the  C2  and  C3  celerities  are 
close  enough  together  that  over  short  distances  the  sand  will 
appear  to  have  a  single  celerity.  It  should  be  noted  that  the 
Cl  celerity  calculated  from  the  high-frequency*  low-amplitude 
incidence  of  the  wave  front  Is  consistent  with  sound  speeds  in 
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Flsur*  20.  Typical  Time-Domain  Data  for  Determining  Celerity 


•olid  natorlals  rathor  than  in  tMO**phao«  natariala.  Tha 
attanuatlon  of  thla  hish  voloclty  Modo  la  axtranoy  and  It  doaa 
not  contrlbuta  alsnlflcantly  to  tha  apaetral  data. 

TABLE  6.  RELATIVE  EFFICIENCIES  FOR  TRANSDUCERS  AND  WAVEGUIDES. 

Rolatlva  Efflclancy 
(S> 


1 

lEclactoch 

1 

Soil  Tranaducar  1 

100 

1 

|1/2"  dla. 

1 

I 

alualntai  rod  I 

1 

50 

1 

13/4-  dla. 

1 

1 

ataal  tuba  i 

1 

49 

1 

13/8-  dla. 

» 

1 

ataal  rod  I 

i 

35 

1  1 

1 1 /8-  by  1 -  ract .  atoal  blada  I 

1  ( dlractlonally  aanaltlva)  I 

1  1 

13 

(  normal > 

|1/8-  by  1- 

1 

ract a  ataal  blada  I 

1 

4 

( obliqua  > 

1 

11-3/4-  PVC 

1 

.tuba  1 

1 

7 

1 

Imlcrophona 

1 

1 

1 

<  dry  aand  >  1 

<  damp  aand )  1 

1 

5 

( no  algnal > 

1  1 

|3-3/4**x1/32'’  diaphracn  <buriad)| 

1  1 

3 

|3/4-  ataal 
1 

1 

rod  1 

1 

( no  alsnal > 

Navasulda  Typo 
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TABLE  7.  MEASURED  CELERITIES  IN  SAND 


I 

I  nMsur«d  C«l«rltlM 


Sand  Condition 

1 

Cl 

C2 

C3 

1 

<  ft/s ) 

(  ft/s  > 

( ft/s  > 

Dry*  uncompacted 

1 

1 

1 

i 

1 

10,000« 

1 

I 

620 

1  440 

1 

Hater- Dampened 

10*000« 

1 

1 

1 

606 

1  520 

1 

Fuel-Dampened 

10*000« 

1 

1 

510 

1 

1  490 

Th«  spactral  Influancas  of  sand  on  sound  Msrs  also 
dotsrmlnsd.  Thess  tests  consisted  of  introduclns  a  broad  band  1 
KHz  to  1 0  KHz  sound  into  dryt  wet*  and  fuel-soaked  sand.  The 
sisnal  source  in  this  case  closely  simulates  that  of  a  1 0  pel 
pinhole  fuel  leak  (sea  Section  III).  A  plate-mounted 
accelerometer*  placed  six  inches  from  the  sound  source*  mss  used 
to  receive  the  transmitted  sound.  A  16*000  point  digital  record 
Mas  made  of  the  signal  at  a  sampling  rate  of  20  KHz.  Thirty-tso 
consecutive  512  point  FFTs  Mere  then  averaged  to  obtain  the 
spectral  content  of  signal.  Figures  21*  22*  and  23  present  data 
typical  of  these  tests  for  dry*  Mater-saturated*  and  fuel- 
saturated  sand*  respectively.  Each  sand  condition  returns  a 
unique  spectral  pattern*  presumably  due  to  changes  in  the 
interstitial  spaces.  Figures  24  and  25  present  similar  data  for 
Mater-  and  fuel-saturated  sand  Mith  the  transducer  only  3  inches 
from  a  500  Hz  to  5  KHz  sound  source. 

A  general  *'rule  of  thumb**  for  identifying  the  spectrum  for 
a  signal  Mhich  has  traveled  through  fuel-soaked  sand  is  that 
individual  peaks  appear  to  be  someMhat  more  sharply  defined  than 
Mill  be  the  case  for  equivalent  transmissions  through  dry  or 
Mater-soaked  sand.  This  is  consistent  Mith  a  material  having  a 
single  mode  of  propagation.  In  fact*  in  the  case  of  Figure  23* 
a  fundamental  frequency  can  be  observed  near  2*000  Hz  Mith 
higher  harmonics  occurring  at  4*000  Hz  and  6*000  Hz.  No 
acoustic  omissions  Mere  observed  from  fuel-sand  interactions 
other  than  from  turbulent  floM. 
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Flgur*  21 .  Attenuation  of  Pink  Molsa  Through 
Six  Inchaa  of  Dry  Sand. 


Pink  Noise  Through  6  inches  Nater  Saturated  Sand 


Plgur*  22.  Attenuation  of  Pink  Nolsa  Through  Six  Inchaa 
of  Water<-Saturated  Sand. 


Pink  tinise  Through  6  inchos  Fuel  Saturated  Sand 


Figure  23.  Attenuation  of  Pink  Noise  Through  Six  Inches 
of  Fuel-Saturated  Sand. 


O.S  to  5  KHz  Input  to  Hatep  Saturated  Sand 


Fleurs  24.  Attenuation  of  Pink  Noise  Throueh  Three  Inches 
of  Hater'-Ssturated  Sand. 


0.5  to  5  KHz  Input  to  Fuel  Saturated  Sand 


I 


Figure  25.  Attenuation  of  Pink  Noise  Through  Three  Inches 
of  Fuel-Saturated  Sand. 


D.  ACOUSTIC  TESTS  WITH  CLAY 

The  clay  used  in  the  study  nss  obtained  from  an  excavation 
site  In  Oak  Ridse*  Tennessee.  The  clay*  when  obtained »  Mas  In 
the  form  of  compressed »  dry  blocks.  It  mss  characterized  as 
havins  minimum  particle  sizes  beloM  the  optical  resolution  of  a 
150X  magnification  microscope.  The  maximum  particle  sizes 
varied*  but  typically  the  particles  mere  inclusions  of  quartz  or 
limestone  mith  average  diameters  on  the  order  of  0.05  mm.  The 
average  bulk  specific  density  mss  about  1 .3.  The  microscopic 
appearance  Mas  of  a  heterogeneous  material  Mith  inclusions  of 
both  translucent  and  opaque  particles  in  a  reddish-broMn  matrix. 
Although  the  dry  clay  could  absorb  up  to  50%  of  its  volume  in 
Mater*  no  acoustically  significant  interstitial  free  paths  could 
be  microscopically  observed. 

A  marked  difference  Mas  observed  betMeen  the  short  term 
absorption  rates  for  Mater  and  fuel  in  clay.  When  clay  Mas 
exposed  to  Mater*  the  material  rapidly  absorbed  the  liquid  and 
becaune  fluidized  in  a  matter  of  minutes.  Fuel*  on  the  other 
hand*  Mas  not  rapidly  absorbed  by  clay.  For  fuel*  a  maximum 
volumetric  absorption  ratio  of  less  than  20X  Mas  observed  after 
tMO  hours  of  immersion.  Although  clay  drains  more  sloMly  than 
sand*  small  (100  cc >  amounts  of  saturated  clay  Mill  dry  in  about 
48  hours  Mhen  exposed  to  air  at  ambient  temperatures.  Fuel- 
soaked  clay  appears  to  remain  '’contauminated'*  for  much  longer 
periods  of  time. 

Dry  clay*  Mhen  initially  exposed  to  either  fuel  or  Mater* 
is  acoustically  active.  The  emissions*  hoMever*  only  occur  for 
the  first  few  minutes  of  exposure  in  Mater  or  fuel.  Clay  Mhich 
Mas  already  damp  or  fuel-soaked  Mas  acoustically  inactive  Mhen 
exposed  to  additional  fuel  or  water. 

Dry*  compressed  clay  displays  wavespeeds  near  10*000  ft/s. 
The  mean  attenuation  in  dry  clay  is  approximately  3-4  d6  per 
foot  at  5*000  Hz.  The  material  is  anisotropic  and  these  figures 
Mill  vary  over  different  Mave  paths.  Fluidized  (water-soaked) 
clay  appears  opaque  to  sound  with  the  transducers  which  were 
available.  However*  more  work  in  the  area  of  transducers  and 
couplants  is  needed  before  a  conclusion  can  be  reached.  Whole* 
continuous  clay  which  has  been  soaked  in  fuel  from  a  dry  state 
has  acoustic  properties  similar  to  those  of  dry  clay.  Dry* 
loose  clay  is  extremely  attenuating*  with  losses  exceeding  50  dB 
per  foot  at  2*000  Hz.  For  all  practical  purposes  it  can  be 
regarded  as  a  barrier  to  leak  noise. 

Clay  presents  a  real  challenge  with  respect  to  the  choice- 
of  an  appropriate  transducer.  Piezoelectric  transducers  with 
hard  shoes  are  only  appropriate  for  use  with  hard*  dry  clay. 
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Soil  nicrophonoay  such  as  ths  Eclsctsch  piszofllm  transducsr«  or 
Mavsculds-mountsd  plozoslsctrlc  transducsrs  ars  ths  bsst  cholcs 
for  discontinuous  damp  or  dry  clay.  Ths  choics  of  a  transducsr 
for  fluidizsd  clay  rsmalns  a  problsm  for  futurs  rsssarch. 


E.  ACOUSTIC  TESTS  WITH  PEA  GRAVEL 

Ths  psa  sravsl  ussd  in  our  tssts  had  partlcls  dianstsrs 
ransins  from  3.0  mn  to  ovsr  1.3  cm.  Ths  particlss  Msrs  of  a 
Midsly  divsrcsnt  composition  mith  both  opaqus  and  translucsnt 
particlss  sustsstlns  ths  prsssncs  of  quartz  and  sranits.  Ths 
sravsl  had  csnarally  smooth  particls  surfaess  mith  roundsd  sdsss 
in  a  varisty  of  s^omstriss.  Ths  bulk  spscific  sravity  mas  1.5. 
Routhly  SOX  of  ths  bulk  volums  mas  intsrstitial  spacss*  bassd  on 
ths  filling  of  thsss  spacss  with  matsr.  Frsa  paths  in  ths 
intsrstitial  spacss  wars  obssrvsdt  Mlth  major  Isngths 
approaching  3.0  cm.  Both  fusl  and  matar  rsadily  flllsd  ths 
Intsrstitial  spacss.  Drainags  of  bulk  fluid  in  both  casss  mas 
rapid.  Ths  fuelt  hoMsvsri  coatsd  ths  individual  psbblss. 

Ths  psa  gravsl  mas  acoustically  inactivs  in  ths  prsssncs  of 
both  fusl  and  Matsr.  HoMsvsr  significant  Isvsls  of  flow  noiss 
Msrs  dsvslopsd  mhsn  fluids  mars  poursd  through  ths  gravsl. 

Sound  attsnuation  valuss  for  psa  gravsl  wars  similar  to  thoss 
which  ars  prsssntsd  bslow  for  crushsd  rock.  Ths  dominant 
acoustic  path  through  ths  matsr ial  was  ths  air  spacsf  with 
littls  sound  bsing  transmittsd  through  ths  solids.  Wavs 
cslsrity  was  about  947  ft/S(  which  is  undsr  ths  spssd  of  sound 
in  air.  Ths  diffsrsncs  is  probably  dus  to  ths  lack  of  a  linsar 
frss  air  spacs  through  ths  gravsl.  For  all  practical  purposss» 
including  transducsr  sslsction*  psa  gravsl  can  bs  thought  of  as 
frss  air  spacs  if  it  is  not  immsrssd. 


F.  ACOUSTIC  TESTS  WITH  CRUSHED  ROCK 

Ths  crushsd  rock  which  was  tsstsd  had  highly  irrsgular 
particls  shapss  with  sharp*  rough  sdgss.  Ths  surfaess  of  ths 
particlss  at  50X  magnification  wars  dull  and  fractursd  with 
inclusions  of  translucsnt  matsrials  in  an  opaqus*  grsy  matrix. 
Ths  largsr  particlss  had  major  dimsnsions  of  about  3  cm.  Ths 
smallsst  particlss  had  major  dimsnsions  of  0.6  cm.  Particlss 
smallsr  than  this  tsndsd  to  slip  into  ths  intsrstitial  spacss 
and  fall*  collscting  at  ths  bottom  of  ths  outdoor  tsst  bsd.  Dus 
to  ths  largs  rangs  of  rock  sizss  and  shapss*  frss  paths  with 
dimsnsions  wsll  ovsr  5  cm  wsrs  obssrvsd  in  ths  intsrstitial 
spacss.  Ths  bulk  spscific  gravity  was  about  1.5  with 
significant  variations  among  small  samplss.  Ths  intsrstitial 
spacs  was  dstsrminsd  to  bs  55X  to  60X  of  ths  total  volums  with 
significant  variations  sxisting  among  small  samplss. 
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The  crushed  rock  fillod  and  drainad  rapidly  Mith  olthar  fual  or 
Matar.  Thara  Mara  no  sisnlficant  diffarancaa  in  tha  volumatric 
datarminationa  of  intaratitial  apaca  for  fual  comparad  to  Matar. 
Tha  fualy  hoMavar«  tandad  to  ramain  in  the  cracka  of  tha 
fractured  surfaces  and  on  tha  surfaces  thamsalvas  as  a  thin  film 
Masks  after  tha  rock  Mas  exposed  to  tha  fuel. 

No  acoustic  amissions  Mara  observed  as  a  result  of  fuel- 
rock  interactions.  HoMevars  sisnif leant  levels  of  floM  noise 
developed  Mhen  fual  mss  poured  through  tha  crushed  rock.  Tha 
level  of  floM  noise  tandad  to  be  slightly  above  that  seen  in  the 
pea  gravel  for  equivalent  floM  rates. 

Table  6  gives  sound  levels  of  pink  noise  (500  Hz  to  5*000 
Hz)  in  crushed  rock  from  1  to  5  feet.  It  mss  noted  that  over 
short  distances  (less  than  6  inches)  sound  levels  Mare  actually 
much  higher  in  the  interstitial  spaces  of  crushed  rock  for  a 
given  source  than  for  the  same  source  at  equivalent  distances  in 
free  air.  This  is  a  result  of  the  3  dB  increase  in  sound 
pressures  Mhich  typically  occur  in  air  at  rigid  surfaces  and  the 
40%  reduction  in  free  space  relative  to  open  air.  Beyond  6 
inches*  the  interstitial  spaces  begin  to  act  as  a  series  of 
resonant  air  columns  leading  to  significant  attenuation  of  high 
frequency  sound. 


TABLE  e.'  ATTENUATION  OF  SOUND  WITH  DISTANCE  IN  CRUSHED  ROCK. 


I  Distance  |  Sound  Level  Through  Gravel  I 
I  (feet)  I  (dB)  I 


1  1 

1 

99 

1 

2  1 

88 

1 

3  1 

83.5 

1 

4  1 

79 

1 

5  1 

79 

Figures  26  and  27  contrast  the  propagation  of  a  1*000  to 
10*000  Hz  pink  noise  through  6  inches  of  air  compared  to  6 
inches  of  crushed  rock.  A  broad  band  (20  Hz  to  22  KHz) 
microphone  Mas  used  as  the  sensing  transducer  for  these  tests. 
The  crushed  rock  acts  as  an  acoustic  Iom  pass  filter* 
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Pink  Noise  Through  6  inches  of  Air 


Fisur*  26.  Attenuation  of  Pink  Nolaa  In  Air 


inches  of  Cnishel  Kock 


Flsur*  27.  Attenuation  of  Pink  Noise  in  Crushed  Rock 


•ff«etiv«ly  ramovins  tha  anarsy  cont-'ot  abova  5|000  Hz.  In 
addition!  tha  cruahad  rock  apparantly  ^«a  narginally  Incraaaad 
tha  avaraga  anargy  laval  baloH  5,000  Hj;.  Tha  naan  fraquancy  of 
tha  acoustic  anargy  aftar  passing  through  tha  cruahad  rock  is 
about  3,500  Hz.  This  fraquancy  suggests  that  tha  natural 
rasonancas  of  tha  longer  free  air  columns  in  tha  interstitial 
spaces  have  bean  excited.  (Tha  calculated  fraa-fraa  resonance 
for  a  4.5  cn  air  colunn,  for  axaapla,  is  3,550  Hz. > 


C.  ACOUSTIC  TESTS  WITH  ORGANIC  SOIL 

Tha  content  of  organic  soils  varies  nldaly,  and  each  type 
Mill  have  significant  and  possibly  unique  acoustic  and 
absorption  properties.  Consequently,  ms  have  limited  our 
tasting  to  measuring  sound  attenuation  in  a  single  sandy  loam. 
Figures  28,  29,  and  30  compare  a  pink  noise  signal  after 
propagation  through  one  and  six  inches  of  dry  organic  soil  and 
six  inches  of  Mstar-saturatad  organic  soil,  respectively.  The 
figures  demonstrate  extrema,  frequency-dependent  attenuation. 
The  organic  soil  can  be  viemed  as  essentially  opaque  to  high 
frequency  leak  noise.  No  acoustic  amissions  Mere  detected  from 
organic  soil-fuel  interaction. 


H.  ACOUSTIC  TESTS  WITH  CONCRETE 

Acoustic  testing  of  concrete  Mas  also  limited,  because  its 
acoustic  properties  are  Mell-knoMn  from  the  technical 
literature.  The  tests  Mhich  Mere  conducted  verified  that 
concrete  is  a  good  conductor  of  sound  throughout  the  audible 
range.  Honever,  above  30  KHz,  attenuation  in  concrete  becomes 
severe,  suggesting  that  commercial  acoustic  omission  leak 
transducers  are  a  poor  choice  for  monitoring  leak  noise  through 
concrete . 

Wavespeeds  In  concrete  mere  measured  by  mounting  tMo 
accelerometers  trno  feet  apart  on  a  concrete  slab  and  exciting 
the  concrete  Mith  a  broadband  impact  noise  source  about  tNO  feet 
from  the  "trigger**  transducer.  Both  correlation  functions  and 
manual  measurements  of  **tlme-of- flight**  Indicated  phase 
velocities  from  13,000  to  14,000  ft/s.  Figure  31  presents  a 
typical  correlation  plot. 

Acoustic  detection  of  leaks  from  piping  embedded  in 
concrete  is  possible  throughout  the  audible  range.  Homever,  if 
the  piping  is  not  in  contact  Mith  the  concrete,  air  gaps  Mill 
form  a  very  effective  acoustic  barrier  betMeen  the  source  (pipe 
borne  sound)  and  the  concrete.  The  impedance  mismatch  across 
such  an  air  barrier  is  such  that  virtually  no  sound  Mill  pass  to 
the  concrete. 
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0.5  to  5  KHz  -  6  inches  Organic  Soil 
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Figure  29.  Attenuation  of  Pink  Noiee  Through  Six  Inchea 
of  Organic  Soil. 


0.5  to  5  KHz  -  6  inches  Saturated  Organic  Soil 
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Flgurv  30.  Attenuation  of  Pink  Noise  Through  Six  Inches 
of  Water-Saturated  Organic  Soil. 


CoppeUtion  Function  -  Phase  Delay  in  Concpete 


Fisure  31.  Corralation  Function  for  Hav*  Tranmi 
In  Concroto  Slab. 


I.  CONCLUSIONS  FROM  ACOUSTIC  TESTS  WITH  SOILS 

Most  of  the  tested  soil  materials  exhibited  strong 
attenuation  of  sound  in  the  500  Hz  to  50  KHz  frequency  range, 
which  covers  the  range  in  which  most  pressurized  leaks  generate 
sound.  Without  exception,  the  soil  materials  are  two-phase 
materials  having  a  solid  phase  (the  soil  particles)  and  a  fluid 
phase  (the  liquid  or  gas  in  the  interstitial  spaces).  The  loss 
of  sound  energy  across  such  two  phase  interfaces  will  be  on  the 
order  of  99%  for  an  air-solid  interface  and  on  the  order  of  80% 
or  more  for  a  water-solid  interface.  Hundreds  of  such 
interfaces  must  be  crossed  per  foot  of  propagation.  Lower 
frequencies  propagate  more  effectively  in  two-phase 
materials  because  of  their  greater  displacements  and  lower 
particle  velocities.  Small  gaps  may  be  closed  in  the 
compressive  half-cycle  and  more  time  is  available  for  passage  of 
fluids  through  restrictive  passages,  thereby  allowing 
propagation  of  the  pressure  differentials.  At  high  frequencies, 
particle  displacements  are  amall  and  velocities  are  high. 
Individual  solid  particles  become  disconnected  resonant  bodies 
with  the  more  compressible  fluid  elements  acting  as  localized 
spring  elements  rather  than  as  a  continuous  medium. 

If  either  the  fluid  or  the  solid  phase  is  continuous,  or 
nearly  so,  free  paths  without  impedance  mismatches  will  exist 
and  the  two-phase  material  will  take  on  tive  acoustic  properties 
of  the  dominant  phase.  This  can  bo  readily  seen  by  contrasting 
dry  compressed  clay  and  crushed  rock.  Although  both  roughly 
consist  of  50%  interstitial  space  and  50%  solid  material  by 
volume,  the  clay  has  a  nearly  continuous  solid  content  with  very 
small  interstitial  dimensions.  The  crushed  rock,  on  the  other 
hand,  has  a  continuous  interstitial  space.  Clay  has  the 
acoustic  properties  of  a  solid,  while  crushed  rock  has  the 
acoustic  properties  of  the  fluid  in  the  interstitial  space.  In 
the  case  of  sand  and  organic  soils,  neither  phase  is  continuous, 
all  possible  acoustic  paths  are  across  phase  boundaries,  and 
extreme  attenuation  results. 

From  the  standpoint  of  acoustic  leak  detection  through 
soil,  little  can  be  done  to  affect  these  acoustic  properties, 
except  by  creating  a  continuous  path  with  a  waveguide.  However, 
knowledge  of  the  acoustic  properties  of  soils  can  be  used  for 
monitoring  at  appropriate  frequencies  with  appropriate 
transducer  types  when  waveguides  are  not  practical.  Table  9 
lists  soils  and  soil  conditions  with  suggested  monitoring 
frequencies  and  transducer  types  for  optimal  acoustic 
performance . 
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TABLE  9.  sunn ARY  OF  RECOMMENDED  MONITORING  RANGES 
AND  TRANSDUCER  TYPES. 
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SECTION  V 


SUmARY  OF  RESULTS  AND  CONCLUSIONS 


A.  INTRODUCTORY  REMARKS 

The  four  primary  objectives  for  this  research  mere  provided 
under  ''Objectives*'  on  pace  2.  The  follomins  sections  summarize 
the  findings  of  this  research  with  respect  to  the  stated 
objectives. 


B.  OBJECTIVE  1 

The  first  objective  mas  to  determine  the  conditions  under 
Mhich  JP4  fuel  leaks  produce  acoustic  emissions.  The  JP4  fuel 
leaks  produced  acoustic  emissions  mhen  differential  pressures 
across  the  leak  orifice  mere  in  excess  of  5  PSI.  This 
differential  pressure  was  sufficient  to  produce  acoustic 
emissions  with  all  leak  orifices  tested  that  flowed  at  ambient 
pressures.  Intermittent  leakSf  such  as  leaks  from  threaded  and 
flanged  pipe  fittings ■  which  only  flowed  at  higher  pressures 
would*  of  course*  not  be  acoustically  active  at  the  low 
pressure.  Such  intermittent  leaks  will  require  higher  test 
pressures.  The  minimum  EPA  criteria  for  volumetric  testing*  0.1 
GPH*  can  be  met  for  low  pressure*  "in-service"  leaks.  A  more 
detailed  discussion  of  these  findings  is  presented  in  Section 
III. 


C.  OBJECTIVE  2 

The  second  objective  was  to  determine  the  acoustic 
characteristics  of  JP4  fuel  leaks  from  UST  systems.  The  sound 
produced  by  all  tested  JP4  leaks  was  influenced  by  the  pipe  wall 
geometry.  The  dominant  characteristics  in  spectra  for  leaks  of 
JP4  were  below  5*000  Hz.  Hater  leaks  contained  spectra  similar 
to  JP4.  Only  air  leaks  had  much  higher  frequency  contents. 
Commercial  high-frequency  leak  detection  equipment  is  not 
suitable  for  use  in  detecting  low-pressure  leaks.  A  more 
detailed  discussion  of  these  findings  is  presented  in  Section 
III. 


D.  OBJECTIVE  3 

The  third  objective  was  to  measure  and  evaluate  the 
acoustic  transmission  properties  of  fill  materials  commonly  used 
at  UST  Installations.  Fill  materials  such  as  sand  and  organic 
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soil  ars  acoustically  opaqus  and  do  not  conduct  Isak  hoiss. 
Only  vary  lares  Isaks  may  bs  dstsctsd  throush  mors  than  a  foot 
of  thsss  soil  matsrials.  Othsr  matsrialsi  such  as  psa  gravsl 
and  crushsd  rockf  havs  lares  intsrstitial  air  spacss  which 
transmit  Isak  sound  as  msII*  or  bsttar*  than  fres  air.  A  mors 
dstailsd  discussion  of  thsss  findines  is  pressntsd  in  Ssetion 
IV. 


E.  OBJECTIVE  4 

The  fourth  objective  was  to  investieate  sensor  desiens  and 
sensor  placements  for  optimizine  the  capability  for  leak 
detection  in  UST  systems.  For  undereround  pipine*  direct 
transducer  or  waveeuide  contact  with  the  pipe  wall  provides 
optimal  results.  Over  short  distances  (less  than  one  to  two 
feet)  in  sand  and  humus »  piezofilm  soil  transducers  are  capable 
of  detecting  leak  noise.  In  general  §  detection  of  leaks  through 
soil  should  only  be  used  for  determining  leak  location.  Leak 
detection  and  monitoring  should  bs  accomplished  with  direct 
transducer  placement  or  with  waveguides.  Preliminary  results 
indicate  that  in  the  case  of  underground  storage  tanks* 
hydrophones  placed  in  the  fluid  will  detect  very  low  noise 
levels. 


F.  DEVELOPMENT  OF  TRANSDUCERS  AND  INSTRUMENTATION 

In  addition  to  the  results  and  conclusions  presented  above* 
this  work  has  resulted  in  the  design  and  fabrication  of 
transducers  and  instrumentation  for  application  to  underground 
leak  detection.  The  new  equipment  Includes  the  following  items: 

1 .  Eclectech  piezofilm  soil  transducer  -  This  sensor  was 
the  only  tested  device  which  was  capable  of  sensing 
leak  noise  through  short  distances  in  sand  and  humus. 

2.  Eclectech  integrated  waveguide/transducer  -  This  device 
uses  a  flat  aluminum  waveguide  and  a  piezofilm 
transducer.  It  can  be  used  in  easily  penetrated  soils 
such  as  sand.  The  sensor  can  be  used  to  penetrate  soil 
to  obtain  pipe  or  tank  wall  contact*  or  it  can  be  used 
as  a  subsurface  soil  probe.  It  has  directional 
sensitivity  that  should  be  of  value  in  locating  leaks. 

3.  Eclectech  fuel-sensitive  acoustic  probe  -  Preliminary 
testing  of  materials  for  use  in  a  fuel-sensitive 
acoustic  soil  probe  has  been  conducted.  The  probe 
transmits  ultrasound  through  a  fuel-soluble  solid 
element  fitted  into  a  waveguide*  typically  1/4  inch  or 
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larger.  Fuel*  or  other  petroleum  products t  can  be 
distinguished  from  mater  or  air  by  the  softening  of  the 
' fuel-sensitive  portion  of  the  waveguide  and  the 
resultant  changes  in  the  frequency  response  of  the 
waveguide  tip.  The  basic  Eclectech  electronics 
developed  for  this  study  are  capable  of  driving  this 
probe.  Results  from  preliminary  tests  of  this 
technology  are  encouraging. 

4.  Computer-based  instrumentation  -  During  this  Phase  I 
efforty  the  core  software  and  hardware  for  passive 
acoustic  leak  detection  have  been  developed.  The 
system  is  based  on  software  which  drives  a  high-speed 
analog  to  digital  converter  (A/D)  and  an  arbitrary 
waveform  generator  (AWC).  The  system  uses  an  IBFI  PC- 
compatible  microcomputer  and  it  can  be  configured  as  a 
portable  or  desktop  system.  Current  specifications 
include  two  channel  data  acquisitiony  with  sampling 
rates  from  2  KHz  to  20  MHz;  "bandshifting**  of  either 
very  high  or  very  low  frequency  sounds  into  the  audible 
(20  Hz  to  20  KHz)  range;  acoustic  emissions  monitoring 
for  very  low-level  or  infrequent  acoustic  events; 
signal  analysis y  Including  frequency  response 
functions y  FFTsy  time  domain  correlation y  and  spectral 
integration;  graphical  representation  of  raw  data  and 
signal  analysis  results;  and  data  storage  and 
retrieval . 
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SECTION  VI 


RECOMMEND AT IONS  FOR  DETECTING  AND  LOCATING  LEAKS 
FROM  UNDERGROUND  PETROLEUM  STORAGE  FACILITIES 


A.  INTRODUCTORY  REMARKS 

Tmo  distinct  I  and  not  nscsssarlly  similar «  tasks  ars 
involvsd  in  prsvsntins  snvironmsntal  and  financial  damags  from 
undsrsround  pstrolsum  Isaks.  Tbs  first  of  thsss  tasks  is  tbs 
rsalization  of  a  Isak  monitoring  systam  mbicb  Mouldf  Idsally*  bs 
functional  during  normal  facility  opsrations.  Tbs  sscond  task 
Involvss  tbs  dstsrmination  of  tbs  naturs  and  location  of  tbs 
dstsctsd  Isak  with  a  minimum  of  facility  dOMntims.  Obviouslyt 
Isakags  from  burlsd  piping  as  msII  as  tbs  storags  vassal  must  bs 
consldsrsd  for  a  viabls  Isak  monitoring  systam. 


B.  METHODS  FOR  PASSIVE  LEAK  MONITORING  OR  DETECTION 

As  tbs  prsvious  ssctions  of  this  rsport  indicats*  acoustic 
Isak  dstsctlon  msthods  ars  most  applicabls  for  dstsction  of 
Isaks  in  prsssurizsd  piping  and  storags  vassals.  Prsvious 
conunsnts  havs  addrssssd  tbs  nsgativs  implications  of  tbs  sxtrsms 
attsnuation  of  sound  in  sand  mith  rsfsrsncs  to  pass! vs  Isak 
dstsctlon  through  tbs  sand.  Thsrs  is*  hOHSVsr*  a  positivs 
implication.  Just  as  tbs  sand  prsvsnts  transmission  of  sound 
from  tbs  Isaking  pipe  to  a  distant  transducsry  it  also  prsvsnts 
transmission  of  air-borns  and  ground^borns  background  noiso  to 
tbs  pips.  Piping  burisd  in  mors  than  2  fast  of  sand  in  tbs  soil 
test  facility  mas  virtually  immuns  to  alr-borns  sound  Isvsls  of 
over  100  dBy  for  frsqusnciss  over  1*000  Hz  (sss  Figure  32). 

Lsak  noiss  as  modi f lad  by  tbs  natural  rssonancss  of  tbs  piping 
typically  contains  significant  energy  above  1 *000  Hz*  as 
discussed  in  Section  III.  Tbis  provides  an  ideal  environment 
for  dstsction  of  leaks  Mitb  transducers  mounted  on  pips  malls  or 
transducers  mounted  on  maveguides  mbicb  contact  tbs  pips  malls. 

Tmo  main  sources  of  snvironmsntal  noiss  ars  capable  of 
exciting  tbs  higher  modes  of  pips  resonance  and  thereby  masking 
leak  noiss.  Thsss  ars  turbulent  flom  conditions  in  tbs  piping 
and  direct  pips  mall  contact  mitb  high  frequency  noise  sources. 
High  product  flom  velocities  and  pump  noises  mill  probably  bs 
the  limiting  conditions  for  real-time*  in-ssrvics  acoustic 
monitoring  systems.  Such  systems  may  still  bs  acoustically 
tested  by  taking  the  system  (and  pumps)  out  of  service. 

Thsrs  should  bs  little  difficulty  in  monitoring  for  Isakags  mhsn 
thsss  conditions  ars  not  present  in  a  plpslins  mitb  leak 
differential  pressures  of  5  PSI  or  above.  High  ground  mater 
Isvsls  produce  backpressure*  and  even  higher  absolute  system 
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Attenuation  of  High  Anblent  Noiae. 


prvssurM  would  b«  <*«qulr«d.  In  standard  piping  with  25  pound 
fittings*  it  should  always  ba  posslbls  to  prsssurlzs  sufflcsntly 
for  tsst  purposss  if  ths  piping  can  bs  prsssurizsd  without 
danage  to  othsr  systsm  conponsnts. 

Passivs  acoustic  mathods  ars  not  fsasibls  for  in-ssrvics 
Monitoring  of  undsrground  storage  systams  opsratsd  at  ambisnt 
prsssursa  or  whsrs  significant  flow  or  puMP  noise  exists. 

Leakage  occurring  at  elevations  within  about  ten  feet  of  the 
highest  fuel  elevation  could  have  silent  laninar  flow*  which 
would  not  be  detected  with  passive  acoustic  techniques.  If  the 
UST  systeM  cannot  be  pressurized  for  test  purposes*  alternative 
leak  detection  techniques  must  be  considered. 


C.  METHODS  FOR  ACTIVE  ACOUSTIC  LEAK  DETECTION 

The  present  study  did  not  conclusively  identify  a  reliable 
method  of  active  acoustic  leak  detection.  Introducing  a  sound 
into  a  fluid  contained  in  a  pipe  and  then  attempting  to  detect 
the  sound  in  the  soil  surrounding  a  leak  site  was  unsuccessful 
because  the  sand  attenuated  this  signal*  Just  as  it  attenuated 
the  leak  noise.  At  high  levels  of  intensity*  the  sound  radiated 
from  the  pipe  walls*  with  no  diacernable  difference  at  the  leak 
site. 


The  acoustic  properties  of  sand  were  examinad  with  dry 
sand*  water-saturated  sand*  and  fuel^saturated  sand  (see  Section 
IV).  Although  relative  differences  were  readily  apparent  in  a 
carefully  controlled  environment*  further  study  will  be 
necessary  to  apply  this  knowledge  to  leak  detection  under  field 
conditions. 

A  preliminary  analytical  exploration  of  an  intrusive* 
active  leak  detection  system  for  piping  systems  was  also 
conducted.  Every  piping  has  characteristic  natural 

frequencies  for  oscillation*  of  pressure  within  the  contained 
fluid.  These  resonant  frequencies*  which  depend  on  the  system 
geometry*  the  compressibility  of  the  fluid*  and  the  elasticity 
of  the  pipe  walls*  will  be  affected  by  leaks  in  the  piping. 

Thus*  it  may  be  possible  to  detect  leaks  by  exciting  and 
monitoring  the  natural  frequencies  of  the  contained  fluid. 
Eclectech  can  develop  this  approach  through  both  computer 
modeling  and  actual  testing.  This  technique  merits  additional 
research  to  define  its  sensitivity  and  to  demonstrate  its 
practicality. 
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D.  METHODS  FOR  DETERMINING  LEAK  LOCATION 


Tho  methods  were  developed  end  tested  for  determining  leek 
location  when  the  leak  discharge  Is  from  a  pressurized  system. 
Both  methods  are  passive  and  can  be  used  as  components  of  a 
portable  leak  locating  system.  These  methods*  when  used 
together,  are  capable  of  reliably  locating  leaks  from 
pressurized  underground  storage  facilities  If  the  leaks  are 
Mlthln  one  foot  of  the  surface  or  If  the  soil  (such  as  sand >  can 
be  penetrated  by  waveguides.  The  first  method,  leak  detection 
from  the  surface,  employs  the  Eclectech  soil  transducer.  The 
survey  is  conducted  by  simply  placing  the  transducer  on  the  soil 
surface  above  the  suspect  pipe.  If  an  acoustically  active  leak 
exists  within  about  one  foot  of  the  transducer,  there  Is  a  high 
probability  of  detection.  Large  fuel  leaks  on  the  order  of  65 
GPH  at  30  PSl  can  be  detected  to  distances  approaching  2  feet. 
Because  of  the  extreme  attenuation  of  the  leak  noise  In  sand  and 
organic  soils,  leak  detection  with  this  method  Is  equivalent  to 
determining  leak  location.  Alternatively,  the  leak  can  be 
pinpointed  by  moving  the  transducer  on  the  surface  until  the  the 
spectral  content  of  the  sound  has  the  highest  observed  frequency 
components.  Because  sound  Is  more  strongly  attenusted  at  higher 
frequencies  In  sand,  the  surface  location  at  which  the  highest 
frequency  was  observed  will  be  the  closest  surface  point  to  the 
leak. 


The  Eclectech  Integral  waveguide/transducer  provides  a 
means  for  locating  leaks  which  occur  more  than  1  foot  below  the 
surface  In  soils,  such  as  sand,  which  can  be  easily  penetrated 
by  a  thin  waveguide.  The  Instrument  may  be  used  In  direct 
contact  with  the  pipe  or  tank  surface  or  to  search  in  the 
subsurface  soil  for  ground-borne  leak  noise.  Again,  detection 
of  ground-borne  leak  noise  Is  equivalent  to  determining  leak 
location  In  sand  because  of  the  very  high  attentuation. 


E.  RECOMMENDATIONS  FOR  FURTHER  DEVELOPMENT 

A  significant  amount  of  work  remains  to  be  done  before  a 
complete  acoustic  leak  detection  package  can  be  produced. 

The  most  obvious  portion  of  the  effort  is  the  need  for  the  field 
testing  and  *'de-bugging*'  of  existing  equipment  and  the 
evaluation  of  the  acoustic  characteristics  of  large  fuel  storage 
tanks . 


The  fundamental  concern  with  storage  tanks,  as  opposed  to 
piping,  concerns  not  leak  noise  generation,  which  will  Involve 
Identical  sound  generating  mechanisms,  but  the  effect  of  the 
tank  on  the  generated  sound  and  the  Identification  of  optimal 
methods  for  sensing  the  sound.  A  variety  of  actual  tanks  should 
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b«  axanlnad  in  th«  field  for  acouetic  properties  using  sisulated 
leak  noises  injected  into  the  tank  at  locations  Mhere  leaks  are 
most  likely  to  occur.  The  field  examinations  should  be  preceded 
by  a  brief  large-scale  model  study  to  ensure  that  all  pertinent 
factors  are  included  in  the  field  examinations.  The  work  should 
include: 

1 .  Fabrication  and  preliminary  testing  of  a  large  model 
Mith  dimensions  of  about  2  mavelengths  of  the  mean 
anticipated  emission  sound; 

2.  Determination  of  the  acoustic  characteristics  of  tanks 
under  field  conditions,  including  the  contributions  of 
tank  Mali  material,  tank  Mall  geometry,  soil  contact, 
product  level,  tank  fittings,  and  sound  source  (leak) 
location; 

3.  Identification  of  optimal  transducer  placement 
locations  including  examinations  of  exterior  tank  Mall 
placement,  interior  bank  Mall  placement,  placement  on 
tank  fittings  (such  as  the  drop  tube),  and  placement  in 
the  contained  fuel  (hydrophone); 

4.  Investigation  of  background  noise  levels  Mhich  Mill 
undoubtedly  be  much  higher  in  tanks  than  in  buried 
piping. 


SoftMare  and  instrumentation  for  automated  UST  system  leak 
monitoring  and/or  testing  should  also  be  developed.  Because 
some  tank  systems  may  not  be  able  to  support  adequate  test 
pressures  for  generating  acoustic  emissions,  the  development 
effort  should  include  examination  of  alternative  technologies 
for  leak  detection,  such  as  level  detection  and  the  Eclectech 
acoustic  probe.  This  effort  should  produce  a  Morking,  field- 
tested,  prototype  leak  detection  system  for  EPA  evaluation 
and  approval. 
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APPENDIX  A 


LEAK  DETECTION  BY  ACOUSTIC  EHISSIONS  HONITORINGx 
AN  ANNOTATED  BIBLIOGRAPHY 

INTRODUCTION 


This  annotated  bibllotraphy  providaa  summarlaa  of  articlaa 
related  to  the  current  project*  "Leak  Detection  by  Acouatic 
Emlaalon  Monitor  Ins.**  The  bibliography  is  orsxinized  into  five 
sections.  This  introductory  section  provides  information  on  the 
organization  of  the  bibliography.  The  second  section  includes  a 
number  of  examples  from  the  wide  range  of  literature  available 
on  the  general  topic  of  acoustic  emissions.  The  third  section 
includes  articles  on  the  generation  and  transmission  of  acoustic 
emissions  in  soil.  The  fourth  section  provides  general 
information  on  leak  detection,  especially  leak  detection  for 
underground  storage  tanks,  and  the  fifth  section  focuses  on 
acoustic  methods  for  leak  detection. 


ACOUSTIC  EMISSIONS,  ^CENERALl 


Drnevich,  V.P.,  and  Cray,  R.E.,  Eds.,  Acoustic  EntBPigniL  iJO. 
Geotechnical  Enaineerina  PrtIgIriCft,  ASTM  STP  750 ,  American 
Society  for  Testing  and  Materials,  Philadelphia,  1981 . 

This  volume  contains  the  papers  presented  at  an  ASTM 
symposium  in  Detroit  on  2^  June  1981.  The  papers  include  a 
review  of  acoustic  emission  techniques  as  applied  to  rock 
structures  and  several  papers  describing  the  application  of 
acoustic  emissions  to  soil  monitoring.  (The  soil 
monitoring  papers  are  described  in  another  section  of  this 
bibliography. ) 


Fowler,  T.J.,  **Acoustic  Emission  Testing  of  Vessels  and  Piping,** 
Chemical  Enaineerina  Progress,  Vol.  83,  No.  5,  May  1987,  pp.  25- 
32. 


The  article  provides  a  brief,  but  thorough,  discussion  of 
AE  techniques  for  proof  testing  of  vessels  and  piping, 
periodic  inspection  of  in~service  tanks,  continuous 
monitoring,  and  requalification  testing.  Difficulties 
presented  by  background  noise,  attenuation,  and  acoustic 
geometry  are  also  discussed. 
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Hardyi  H.R.«  and  Laightoni  F.W.  t  Eda.  i  Procaadinas  tha  Flrat 
Canf^rgngl  on  Acouatlc  Emiaaion/wicroaalainlc  As^jyLto  in. 
Gaoloalc  Structuraa  and  Matarlala.  Trans  Tach  Publicationst 
1977. 


Papars  Includad  in  thaaa  procaadinss  dascriba  laboratory! 
fialdy  and  analytical  studiaa  on  acoustic  amissions  from 
rocks  and  soils.  Savaral  ralavant  papers  ara  raviaMad 
baloM. 


Hardy,  H.R.,  and  Laighton,  F.H.,  Eds.,  Procaadinas  of  tha  Second 
Canfarjagn  on.  Acoustic  Emission/Hicroseismic  Ac^iyity.  iJQL 

Structures  Materials.  Trans  Tach  Publications, 

1980. 


Papars  includad  in  these  procaadinss  describe  laboratory, 
field,  and  analytical  studies  on  acoustic  emissions  from 
rocks  and  soils.  Savaral  relevant  papers  ara  raviaMad 
baloM. 


Hardy,  H.R.,  and  Leishton,  F.W.,  Eds.,  Proceedings  of  the  Third 
Conference  on.  Acoustic  Emission/^lcroseismic  Aggjvi^y  in. 
Geologic  Structures  and  Materials.  Trans  Tach  Publications, 
1984. 


Papers  includad  in  these  proceedings  describe  laboratory, 
field,  and  analytical  studies  on  acoustic  amissions  from 
rocks  and  soils.  Several  relevant  papers  are  raviaMad 
beloM.  An  extensive  **Mastar  Bibliography**  is  also 
provided. 


MoMray,  G.L.,  **Computar  Processing  and  Analysis  of  Microsaismic 
Data,**  in  Hardy  and  Leighton  <1977),  pp.  <27-444. 

This  paper  discusses  aspects  of  signal  processing  for 
acoustic  amission  data.  Including  analog  to  digital 
conversion  and  source  location. 


Nakamura,  Y.,  **0otaction  and  Analysis  of  Acoustic  Emission 
Signals,**  in  Hardy  and  Leighton  (1977>,  pp.  445-458. 

A  brief  raviam  of  AE  detection  and  analysis  techniques  is 
presented.  Topics  addressed  include  frequency  range, 
transducers,  multiple- transducer  applications,  noise 
rejection,  and  source  location.  AE  signals  are  interpreted 
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on  tho  basis  of  svsnt  counting  (which  may  bs  wsishtsd  by 
signal  amplitude  or  signal  energy >»  RHS  level f  frequency 
spectrum »  and  amplitude  distribution. 


Spanner,  J.C.,  Acoustic  i an  Techniques  and  Applications. 

Intex,  Evanston,  Illinois,  1974. 

This  text  gives  a  comprehensive  (but  dated)  overview  of 
acoustic  emission  monitoring.  The  term  "acoustic 
emissions"  is  used  by  the  author  to  describe  monitoring  of 
materials  for  ultrasound  produced  by  localized,  microscopic 
failures  of  material  bonds  which  typically  occur  during 
plastic  deformation  In  metals.  The  text  discusses  a  broad 
range  of  experimental  and  applied  work  In  the  field. 

Topics  covered  Include  emission  sources,  propagation, 
sensor-medium  coupling,  signal  conditioning,  readout 
methods,  material  research  applications,  weld  monitoring 
applications,  structural  integrity  applications,  geological 
applications,  and  AE  Instrumentation. 


ACOUSTIC  EMISSIONS  IN  SOIL 


Environmental  Protection  Agency  (EPA),  "Acoustic  Monitoring  to 
Determine  the  Integrity  of  Hazardous  Waste  Dams,"  Report  No.  EPA 
625/2-79-024,  Industrial  Environmental  Research  Laboratory, 
Cincinnati,  Ohio,  August  1979. 

This  report  presents  results  from  tests  to  dsmonstrate  the 
utility  of  acoustic  emission  monitoring  for  assessing  dam 
soil  stability.  Emissions  are  produced  by  Individual  soil 
particles  moving  with  respect  to  one  another  and  producing 
noise.  Most  emissions  occurred  in  the  2,000  Hz  to  3,000  Hz 
range.  Attenuation  In  soils  increased  sharply  with 
frequency.  In  laboratory  tests,  the  average  signal 
amplitude  in  sand  at  failure  was  one  hundred  times  greater 
near  failure  than  at  twenty  percent  of  the  failure  stress. 
Signal  levels  in  clay  were  1/2  to  1/400  the  level  of 
signals  in  sand.  Eighteen  field  sites.  Including  a  flood 
control  dam,  an  ore  stockpile,  a  tailings  dam,  a  chemical 
waste  containment,  a  petroleum  waste  containment,  and  a 
sludge  lagoon,  were  also  monitored.  Rods,  pilings,  re¬ 
bars,  casings,  and  pipes  were  used  as  waveguides. 
Piezoelectric  accelerometers  were  typically  used  as  AE 
transducers.  Results  were  generally  acceptable,  indicating 
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that  AE  monitoring  in  soil  can  provide  important 
information  for  dam  atability*  seepage  detection  and 
location,  repair  monitoring,  and  location  of  instability. 
Information  on  system  coct  is  also  provided. 


Huck,  P.  J. ,  and  Koerner,  R.ff.,  "Acoustic  Emission  Monitoring  of 
Soil  and  Rock  Grouting,**  ASTM  STP  750,  American  Society  for 
Testing  and  Materials,  Philadelphia,  1981,  pp.  155-163. 

Laboratory  and  field  studies  indicated  that  the  monitoring 
of  acoustic  emissions  could  be  used  to  help  control  the 
injection  pressure  during  a  grouting  operation  and  to 
monitor  for  seepage  flow  through  the  grouted  region. 
Monitoring  for  seepage  flow  required  a  quiet  site.  The 
authors  reported,  ** Acoustic  amission  detection  of 
groundKater  seepage  is,  however,  still  in  its  infancy,  and 
much  remains  to  be  learned.** 


Koerner,  R.M.,  Lord,  A.E.,  McCabe,  W.M.,  and  Curran,  J.W., 
**Acoustlc  Emission  Behavior  of  Granular  Soils,**  Journal  of  the 
Geotechnical  Engineering  Division.  Vol.  102,  No.  GT7,  American 
Society  of  Civil  Engineers,  July  1976,  pp.  761-773. 

A  brief  overview  of  the  use  of  acoustic  amissions  for 
geotechnical  monitoring  is  provided.  Results  are  reported 
from  laboratory  tests  measuring  acoustic  emissions  from 
stressed  soil  specimens  tested  in  unconfined  compression. 
Wave  speeds  from  400  ft/s  to  600  ft/s,  depending  on  density 
and  water  content,  were  measured  in  granular  soil.  The 
waves  were  characterized  as  **accumulations  of  all  types  of 
waves  (P,  S,  and  R)  generated  at  the  individual  sites 
within  the  soil  mass.**  Silty  sand  soil  exhibited  emissions 
which  were  predominantly  in  the  500  Hz  to  2  kHz  region  for 
unconfined  compression.  Triaxial  shear  creep  tests 
performed  on  the  same  soil  at  a  higher  water  content 
exhibited  emissions  which  were  predominantly  in  the  4  kHz 
to  8  kHz  region.  Attenuation  of  acoustic  emissions  in  soil 
was  shown  to  be  frequency  dependent,  with  more  rapid 
attenuation  occurring  at  higher  frequencies.  Below  1  kHz, 
attenuation  values  ranged  from  0.2  dB/ft  to  40  dB/ft,  and, 
above  1  kHz,  attenuation  values  ranged  from  100  dB/ft  to 
300  dB/ft.  Granular  soil  samples  with  more  angular 
particles  produced  more  pronounced  acoustic  emissions. 


Koerner,  R.M.,  Lord,  A.E.,  and  McCabe,  H.M.,  **Acoustic  Emission 
Behavior  of  Cohesive  Soils,**  Journal  the  Geotechnical 
Engineering  Division.  Vol.  103,  No.  GT8,  American  Society  of 
Civil  Engineers,  August  1977,  pp.  837-850. 
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Results  from  laboratory  tests  with  cohesive  soils  are 
reported.  Soils  Included  clayey  silt*  kaolinite  clay» 
silty  clay,  and  Bentonite  clay.  Attenuation  of  acoustic 
amission  signals  decreases  Mith  increased  Hater  content  in 
cohesive  soils.  For  one  type  of  cohesive  soilf 
attenuations  of  57  dB/ft  Mere  measured  in  dry  soili  and 
attenuations  of  30  dB/ft  Mere  observed  for  a  Mater  content 
of  15X.  The  average  amplitude  of  the  observed  emissions 
Mas  2  to  400  times  loner  than  from  granular  soils  (sand). 

A  high  pass  filter  set  at  1 tOOO  Hz  is  recommended  for  field 
testing  if  the  level  of  background  noise  is  high.  The 
predominant  frequencies  for  the  acoustic  emissions  in 
clayey  silt  Mere  in  the  range  from  2  kHz  to  3  kHz  for  both 
unconfined  and  confined  compression  tests. 


Koernert  R.K.i  Lordt  A.E.t  and  McCabe*  W.M.*  **Acoustic  Emission 
Studies  of  Soil  Masses  in  the  Laboratory  and  Field***  in  Hardy 
and  Leighton  (1977)*  pp.  243-256. 

Laboratory  studies  Mith  large  soil  masses  and  field 
experiences  Mith  AE  soil  monitoring  are  summarized.  The 
effects  of  metal  naveguides  on  the  measured  acoustic 
signals  Here  examined  experimentally.  Koerner  et  al . 
(1981)  provides  a  more  comprehensive  summary  of  this 
information. 


Koerner*  R.M.*  Lord*  A.E.*  and  McCabe*  H.M.*  **The  Challenge  of 
Field  Monitoring  of  Soil  Structures  Using  AE  Techniques***  in 
Hardy  and  Leighton  (1980)*  pp.  275-290. 

Laboratory  and  limited  field  experiences  Mith  AE  soil 
monitoring  are  summarized.  Instrumentation  for  a  typical 
field  test  is  described.  Koerner  et  al.  (1981)  provides  a 
more  comprehensive  summary  of  this  information. 


Koerner*  R.M.*  McCabe*  W.M.*  and  Lord*  A.E.*  **Acoustic  Emission 
Behavior  and  Monitoring  of  Soils***  Acoustic  Emission  in 
Geotechnical  Enaineerina  Practice.  ASTM  STP  750*  American 
Society  for  Testing  and  Materials*  Philadelphia*  1981*  pp.  93- 
141  . 


This  is  a  **state-of^the-art**  paper  on  AE  activity  in  soils. 
Results  are  presented  from  a  variety  of  small-scale  and 
large-scale  laboratory  tests*  as  msII  as  case  histories  of 
field  studies.  Typical  instrumentation  included  nave 
guides  (1/2-lnch  diameter  steel  rods)*  ceramic-style  AE 
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sensors y  a  preanpllf ier y  a  band-pass  filtery  an  ampli fiery 
a  counter y  an  oscilloscopey  and  a  recorder.  Sand  Mae  found 
to  emit  the  largest  number  of  AE  events  and  the  highest 
amplitude  AE  events y  folloMed  by  silt  and  clay.  Three 
important  factors  in  soil  AE  monitoring  include  the  signal 
strength  of  the  acoustic  emissions  produced  in  soils y  the 
frequency  content  of  the  emissions y  and  the  attenuation  of 
the  acoustic  emissions  in  soil.  The  predominant 
frequencies  for  acoustic  amissions  in  soil  were  from  250  Hz 
to  6y000  Hzy  Mith  some  frequency  content  around  100  kHz. 
Soil  strain  correlated  positively  with  AE  events.  In  a 
laboratory  test  of  a  model  footing  placed  on  dry  sandy  the 
bearing  capacity  failure  of  the  footing  Has  accompanied  by 
a  dramatic  increase  in  the  number  of  AE  events.  Acoustic 
emissions  mere  also  shoMn  to  correlate  with  seepage  flow 
rate  in  an  exponentially  Increasing  manner. 

The  field  tests  described  in  the  paper  included  AE 
monitoring  to  determine  dam  and  embankment  stability  at 
sixteen  sites;  settlement  and  deformation  monitoring  at 
four  sites;  seepage  monitoring  at  five  sites;  and  grout  and 
hydrofracture  monitoring  at  three  sites.  For  some  field 
tests y  existing  structures  such  as  borehole  casings y 
reinforcing  rodsy  and  pipes  were  used  as  waveguides.  Heavy 
rainfall  was  observed  to  increase  the  AE  count  rate.  The 
authors  identified  background  noise  as  the  most  troublesome 
feature  of  AE  monitoring  in  soils.  Three  suggestions  for 
minimizing  the  influences  of  background  noise  include 
filtering  on  the  basis  of  selected  frequencies;  providing  a 
** floating  threshold**  which  depends  on  the  rise  time  of  the 
signal;  and  physical  shielding  of  the  sensory  for  example 
by  using  a  downhole  AE  sensor. 


Koernery  R.H.y  Lordy  A.E.y  and  McCabey  H.M.y  **Acoustic  Emission 
Monitoring  of  Soil  Stability***  Journal  of  the  Geotechnical 
Enaineerina  Division.  Vol.  104*  No.  CT5*  American  Society  of 
Civil  Engineers*  Hay  1978*  pp.  571-582. 

Results  from  this  research  are  presented  in  Koerner  et  al. 
< 1 978 ) . 


Nyborg*  H.L.*  Rudnlck*  I.*  and  Schilling*  H.K.*  **Experiments  on 
Acoustic  Absorption  in  Sand  and  Soil***  Journal  q£.  the  Acoustical 
Society  a£  America.  Vol.  22*  No.  4*  July  1950,  pp.  422-425. 

Experiments  were  conducted  to  determine  the  acoustic 
absorption  of  sand  and  soil  in  the  10  kHz  to  100  kHz  range. 
In  water-saturated  soils*  the  attenuation  coefficients 
depended  markedly  on  the  amount  of  gas  present  in  the 
mixture. 
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Tanlmotoy  K.t  and  Nakamura*  J.*  ’’Studias  of  Acoustic  Emission  in 
Soils***  ASTtI  STP  750*  American  Society  for  Testing  and 
Materials*  Philadelphia*  1981*  pp.  164-173. 

Acoustic  omissions  from  soil  undergoing  triaxial 
compression  tests  mere  correlated  Mith  the  rate  of  axial 
strain  and  with  the  work  done  by  the  external  stresses. 

The  tests  used  a  dry*  sandy  soil  (decomposed  granite).  A 
high  pass  filter*  set  at  1  kHz*  was  used  to  eliminate 
mechanical  noise. 


Tanimoto*  K.  *  and  Nakamura*  J.*  **Use  of  AE  Technique  in  Field 
Investigation  of  Soil***  in  Hardy  and  Leighton  (1984). 

This  paper  summarizes  Tanimoto  and  Nakamura  (1981)  and 
provides  additional  Information  on  results  from  field 
Investigations  of  soil*  in  which  an  instrumented  (internal 
AE  transducer  and  preamplifier)  cone  penetrometer  was 
passed  through  alternating  layers  of  sand  and  clay.  Using 
AE  count  rate*  the  researchers  easily  distinguished  between 
layers  of  pure  sand  and  pure  clay*  but  experienced 
difficulty  in  distinguishing  layers  of  fine  sand  from 
layers  of  sandy  clay. 


Villet*  H.C.B.*  Mitchell*  J.K.*  and  Tringale*  P.T.*  **Acoustic 
Emissions  Generated  During  the  Quasi-Static  Cone  Penetration  of 
Soils***  ASTM  STP  750*  American  Society  for  Testing  and 
Materials*  Philadelphia*  1981*  pp.  174-193. 

An  active  technique  was  developed  for  characterizing  soils. 
A  rigid  metallic  cone  was  pushed  into  soil  samples  (sand)* 
and  the  acoustic  emissions  produced  by  the  soil  grains  were 
monitored  and  analyzed.  The  analysis  included  determining 
peak-to-peak  voltages*  root-mean-square  voltages*  and 
frequency  distributions.  Frequency  distribution  curves 
depended  on  the  level  of  confining  stress  and  the 
penetration  rate.  Higher  signal  amplitudes  were  observed 
for  the  dry  sand  samples  compared  to  the  saturated  sand 
samples. 
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LEAK. 


^CEWEBALA 


Chany  n.L.y  and  Martiny  H.R.y  **Pipalina  Laak  Oataction  Uaing 
Systam  Idantiflcationy**  Procaadlnaa  of  tha  4th  Intarnatlonal 
Bodul  AP-fflyglff  Confarancay  LfiC.  Anaalaa.  CJL*  Voluna  ly  Union 
Collasay  Schanactadyy  Maw  Yorky  1986y  pp.  624-628. 


A  tachniqua  la  daacribad  for  datecting  laaka  in  a  pipaline 
by  axclting  tha  plpalina  with  a  praasura  aignal  and 
maaaurlng  ita  fraquancy  raaponaa.  Tha  papar  praaanta  a 
theoretical  analyaia  and  an  axparimantal  atudy  of  a  aimple 
piping  ayatam  with  an  arbitrarily  poaitioned  laak.  The 
theoretical  raaulta  damonatrate  that  tha  amplitude  of  the 
imaginary  portion  of  tha  frequency  raaponaa  function  variaa 
Mith  laak  magnitude.  The  experimental  reaulta  are 
auggaativay  but  not  concluaive. 


Coley  E.S.y  **Methoda  of  Leak  Detection:  An  Overviawy**  Journal 
of  the  American  Water  Worka  Aaaociation.  Vol.  52y  pp.  73-75, 
February  1979. 

The  author  providaa  a  brief  raviax  of  leak  detection 
methoday  including  a  table  of  U.S.  patenta  granted  from 
1935  to  1976  for  laak  detection  methoda  or  davicaa. 


Environmental  Protection  Agency  (EPA>y  ''Underground  Storage 
Tanka;  Propoaed  Rulaa,"  Federal  Raaiatar.  Vol.  52 y  Ho.  74 y  17 
April  1987,  pp.  12662-12864. 

Subtitle  ly  Section  9003,  of  the  Reaourca  Conaervation  and 
Recovery  Act,  aa  amended,  requiraa  the  EPA  to  aatabliah 
raquireroenta  for  laak  detection,  laak  prevention,  financial 
raaponaibility ,  and  corrective  action  for  all  underground 
atorage  tanka  containing  regulated  aubatancea.  Thia 
document  praaanta  EPA 'a  propoaed  regulationa  for 
underground  atorage  tanka  containing  petroleum  or 
aubatancea  defined  aa  haxardoua  under  the  Comprehenaive 
Environmental  Raaponaa,  Compenaation,  and  Liability  Act  of 
1980,  aa  amended  (except  bazardoua  Maatea  regulated  under 
Subtitle  C  of  the  Reaourca  Conaervation  and  Recovery  Act ) . 
Thia  comprehenaive  and  lengthy  document  preaenta  a  mide 
range  of  information  concerning  laaka  from  underground 
atorage  tanka. 


Haim,  P.n.y  "Conducting  a  Leak  Detection  Search,"  Journal  of  the 
American  Water  Worka  Aaaociation.  Vol.  71,  February  1979,  pp. 
66-69. 
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LMk  dtttactlon  methods  for  Municipal  Matar  supply  and 
tschniquss  for  conductins  a  Isak  survsy  ars  dsscribsd. 
Detsction  msthods  includs  acoustic  monitoring  and  tracsr 

gas  survsys. 


Hsnryt  K.F.«  **Updats  on  ths  Underground  Leakage  Problem •**  Fire 
Journal .  January  1986*  pp.  26'- 27. 

EPA  regulations  relating  to  underground  storage  tanks  are 
described.  National  Fire  Protection  Association  (NFPA> 
standards  for  underground  tank  testing  are  discussed » 
including  MFPA  329  mhlch  establishes  a  minimum  sensitivity 
of  0.05  gph  leakage  flow  as  a  requirement  for  tank 
tightness  testing.  The  difficulties  in  applying  this 
minimum  requirement  to  testing  of  large  modern  tanks  is 
addressed.  The  article  concludes »  "There  are  many  Mho  see 
In-tank  monitoring*  coupled  Mlth  out-of>tank  leak 
detection*  as  the  long'^term  solution  to  the  leakage 
problem.** 


Laverty*  G.L.*  **Leak  Detection:  Modern  Methods*  Cost*  and 
Benefits***  Journal  the  American  Water  IjQCRg. 

February  1979,  Vol.  72*  pp.  61-63. 

The  author  traces  the  history  of  leak  detection  in 
municipal  Mater  supply  systems.  The  successful  experiences 
of  the  East  Bay  Municipal  Utility  District  in  leak  location 
using  a  portable  acoustic  monitoring  system  are  described. 


McMaster*  R.C.,  Ed.*  Nondestructive  Testing  Handbook:  VPlunS  Lm- 
Leak  Testina.  2nd  ed.*  American  Society  for  Metals*  1962. 

This  comprehensive  handbook  contains  information  on  a  Mide 
variety  of  leak  detection  techniques*  covering  their 
theory*  equipment*  and  procedures.  Chapters  include 
** Applications  of  Leak  Testing  in  the  Nuclear  PoMer 
Industry**  and  **Techniques  of  Leak  Testing  Using  Ultrasonic 
Vibration  Detectors***  Mhich  is  revisMed  beloM. 


Russell,  D.L.,  and  Hart*  S.W.*  **Underground  Storage  Tanks: 
Potential  for  Economic  Disaster,**  Chemical  Enaineerina.  March 
1987*  pp.  61-69. 

This  article  provides  an  excellent  overvleM  of  the  scope 
and  nature  of  the  underground  storage  tank  problem*  the 
construction  methods  for  nsM  installations*  leak  detection 
methods*  and  tank  testing  procedures. 
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Schwendamant  T.C.y  and  Wilcoxy  H.IC.y 
Lftgk  Dataction  uuL  Monitor! 
Chalaaa*  Mlchlsan*  1987. 


Undararound  StorMt 
na.  Laala  Publiaharay  Inc.i 


In  thla  booky  tha  authors  provida  Infomation  on 
ragulatlons  for  undarground  storaga  systams;  tha  typas  of 
undarground  storaga  tanks y  pipasy  and  fittings;  tha  types 
of  pumping  systems;  and  tha  typas  of  release  dataction  and 
monitoring  systams.  Leaks  occur  most  frequently  in  tha 
piping  systams.  Leaks  most  commonly  result  from  corrosion, 
improper  installation,  or  lack  of  maintenance.  Extensive 
information  is  provided  on  tank  integrity  tasting, 
temperature  compensation  techniques,  product  level 
measurements,  and  containment  alternatives.  Appendices 
provide  a  hazardous  substance  list;  storage  system  gauging 
procedures;  and  a  description  of  underground  storage 
regulatory  programs  for  California,  DelaMare,  and  Florida. 


SchMendeman,  T. ,  "Detecting  Underground  Piping  Leaks,"  Civil 
Engineering.  August  1987,  pp.  56-58. 

This  article  presents  a  brief  summary  of  Schwendeman  and 
Wilcox  <1987). 


AC.OySTJ.C  LEAL  DETECTION 


Anderson,  C.L.,  "The  Ultrasonic  Leak  Detector:  What  Every 
Engineer  Should  Knox,"  Materials  Evaluation.  Vol.  42,  October 
1984,  pp.  1298-1302. 

The  author  presents  a  non-technical  summary  of  Broxn  et  al. 
(1982),  Mhich  is  reviewed  below. 


Brown,  A.E.,  et  al.,  "Techniques  of  Leak  Testing  Using 
Ultrasonic  Vibration  Detectors,"  in  HcMaster  (1982),  pp.  625- 
685. 


The  first  section  of  this  chapter  discusses  the  principles 
of  sonic  and  ultrasonic  leak  testing.  The  acoustic 
detectability  of  leaks  is  shown  to  depend  on  detector 
sensitivity,  detector  selectivity,  acoustic  shadowing, 
viscosity  of  the  fluid,  velocity  of  the  fluid,  pressure 
differential,  and  leak  geometry.  The  second  section 
provides  a  brief  description  of  available  instrumentation 
for  acoustic  leak  detection.  The  instrumentation  is  almost 
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•xclusivaly  for  detecting  airborne  noise  fron  high  pressure 
leaks.  The  remainder  of  the  chapter  provides  examples  of 
the  application  of  acoustic  leak  detection  to  pressurized 
industrial  systems,  evacuated  systems,  engine  and  valve 
maintenance,  and  pressurized  telephone  cables.  The 
application  of  multiple  acoustic  emission  sensors  to  leak 
monitoring  in  pipelines  is  also  discussed.  Operating 
characteristics  of  a  successful  AE-based  leak  detection 
system  should  include  evaluation  of  broadband  frequency 
content;  recognition  of  an  increase  in  amplitude  of 
continuous  leak  signals  over  the  intermittent  environmental 
noise  signal;  and  capability  for  location  of  the  leak 
source. 


Brown,  T.G.,  **Basic  Leak  Detection  is  Necessary  for  Any  System,** 
Onflow.  American  Water  Works  Association,  Volume  11,  October 
1985,  pp.  5-6. 

This  article  discusses  the  usefulness  of  acoustic  leak 
monitoring  techniques  in  operating  and  maintaining  a 
municipal  water  supply  system.  The  costs  and  benefits  of 
leak  detection  are  qualitatively  discussed.  Modern  leak 
monitoring  equipment,  which  can  i.iclude  a  microphone, 
filters,  and  amplifier,  is  described.  A  van-mounted, 
computerized  leak  noise  correlator  is  also  described  and 
Illustrated. 


Davis,  J.L.,  Singh,  R. ,  Stegman,  B.C. ,  and  Waller,  M.J., 

** Innovative  Concepts  for  Detecting  and  Locating  Leaks  in  Waste 
Impoundment  Liner  Systems:  Acoustic  Emission  Monitoring  and 
Time  Domain  Ref loctometry ,**  Report  No.  EPA-600/2-84-058,  EPA 
Municipal  Environmental  Research  Laboratory,  Cincinnati,  Ohio, 
February  1984. 

Acoustic  emission  monitoring  was  examined  to  evaluate  its 
applicability  for  detecting  significant  leaks  in  lined 
waste  impoundments  before  the  leaking  material  can 
seriously  damage  groundwater.  Experiments  were  conducted 
using  a  four  meter  long  section  of  PVC  pipe,  30  centimeter 
in  diameter,  containing  soil,  a  buried  microphone,  water, 
and  acoustic  Insulation.  Acoustic  signals  at  frequencies 
up  to  500  Hz  were  observed  for  water  flowing  through  sand 
and  pea  gravel  at  velocities  between  0.3  and  1  cm/sec,  with 
amplitude  increasing  greatly  with  velocity.  Amplitude  also 
increased  with  Increased  variation  in  soil  grain  size  and 
decreased  with  increased  soil  density.  No  significant 
sounds  were  detected  for  water  flowing  through  rips  in  PVC 
liner  material.  Results  indicated  that  the  most 
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•ignlflcant  sourc*  of  th«  acoustic  aisnala  was  tha  ahiftins 
of  soil  grains  Mith  raapact  to  aach  othar.  Anothar 
potantially  uaaful  tachniqua  for  laak  datactiont  tima- 
domain  raf lactomatry  (TDR>t  mss  also  tasted y  and  results 
from  laboratory  tests  are  described  in  tha  report. 


OaHssy  n.I.y  *'Ultrasound  Detectors  for  Laaksy  Hachina  Noise,  and 
Electrical  Discharge,**  Ultrasonics .  January  1967,  pp.  1-7. 

A  Hide  variety  of  acoustic  laak  detection  devices  is 
described.  Applications  include  detecting  leaks  in 
vessels,  boiler  tube  inspections,  pipeline  leak  detection, 
telephone  cables,  vacuum  leaks,  machinery  noise,  and 
electrical  discharge.  A  list  of  manufacturers  of  acoustic 
leak  detection  devices  is  also  included. 


Dimmick,  J.G.,  and  Cobb,  J.tl.,  **Ultrasonic  Leak  Detection  Cuts 
Valve  Maintenance  Costs,**  Power  Engineering.  August  1966,  pp. 
35-38. 

The  authors  discuss  principles  of  acoustic  leak  monitoring 
for  valves  in  power  plants  and  describe  experiences  in 
applying  the  principles  in  operating  plants.  Background 
noise  can  mask  the  noise  from  small  leaks,  but  placing  the 
transducer  directly  on  the  valve  stem  maximizes  the  signal. 


Harding,  W.M.,  **Acoustic  Emission  Leak  Detection  in  Above-Ground 

Storage  Tanks,**  Materials  Evaluation.  Vol.  45,  March  1987,  pp. 

265-266. 

The  Hartford  Steam  Boiler  Inspection  and  Insurance 
Company *s  **TankScan**  system  is  briefly  described.  The  tank 
is  overfilled  and  allowed  to  stabilize.  Operational  noises 
and  other  background  noises  (**from  machinery,  weather, 
nearby  roads,  pumps,  railroads,  birds,  etc.**)  are 
minimized.  Multiple  AE  sensors  with  a  30  kHz  resonance  are 
placed  around  the  bottom  of  the  tank,  on  the  outside.  A 
system  calibration  is  achieved  by  generating  emission 
pulses  at  individual  sensors  and  analyzing  the  resulting 
signals  at  the  other  sensors.  During  a  thirty  to  sixty 
minute  test,  the  results  at  each  sensor  for  individual  AE 
events  are  analyzed  and  compared.  A  leak  source  is 
idsntified  if  it  appears  in  more  than  four  data  points 
during  a  test  period.  The  technique  has  been  applied  to 
tanks  containing  a  variety  of  petrochemical  and  chemical 


products,  and  rssults  from  ths  AE  tsstins  have  been 
verified  by  comprehensive  inspections.  The  signal 
processing  and  computational  equipment  for  this  testing  is 
housed  in  a  large  van. 


Huebler,  J.E.,  Saha,  N.C.,  and  Craig,  J.M.,  "Identification  of 
Leaks:  Internal  Acoustic  Technique,**  Report  No.  GRI-80/0143,  Gas 
Research  Institute,  Chicago,  Illinois,  August  1982  (Abstract 
•  reviewed  only  > . 

A  microphone  placed  Inside  a  simulated  gas  main  was 
>  evaluated  in  the  laboratory  as  a  potential  means  for 

detecting,  locating,  and  characterizing  small  leaks  in  gas 
distribution  systems.  Leaks  were  detected  at  pressures 
less  than  0.1  psl . 


Huebler,  J.E.,  ** Identification  of  Leaks  -  Internal  Acoustic 
Method  Phase  1 1,**  Report  No.  GRI‘'84/0141  ,  Gas  Research 
Institute,  Chicago,  Illinois,  August  1984. 

Results  are  presented  from  investigations  of  acoustic 
methods  for  detecting  leaks  in  low  pressure  (less  than  0.2 
psig>  natural  gas  lines.  Because  the  sound  produced  by  the 
low  pressure  leaks  was  found  to  be  so  low,  it  was  necessary 
to  investigate  methods  for  placing  an  acoustic  sensor 
inside  the  gas  line,  as  indicated  in  Heubler  et  al.  (1982). 
Four  microphone  carriers  were  designed,  and  the  best  design 
was  evaluated  in  field  tests.  The  insertion  and 
manipulation  of  the  microphone  carrier  within  a  gas  main 
was  demonstrated.  However,  the  acoustic  detection  of  a  low 
pressure  leak  in  the  field  was  not  successfully 
demonstrated . 


Huebler,  J.E.,  Ziolkowski,  C.J.,  Eynon,  S.B.,  and  Altpeter, 
L.L.,  **Sonlc  Leak  Pinpointer,**  Pipeline  and  Gas  Journal. 
November  1985,  pp.  26-33. 

The  authors  describe  a  portable  acoustic  leak  detector 
which  has  been  developed  to  locate  leaks  in  underground 
natural  gas  distribution  lines.  The  approximate  location 
of  the  leak  is  determined  using  other  methods,  such  as  a 
combustible  gas  indicator.  Nine  or  ten  waveguides  are 
driven  into  the  ground  along  the  pipeline  in  the  vicinity 
of  ths  leak,  and  an  additional  waveguide  is  installed  at 
one  side  to  provide  background  noise.  An  AE  sensor  is 
attached  magnetically  to  the  top  of  each  probe,  and 
readings  are  taken  from  each  and  analyzed.  Data  is  only 
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taksn  durins  the  brief  "quiet  timee"  Mhen  the  backfround 
noiae  is  minimal.  Field  teat  reaults  demonatrate  the 
utility  of  the  technique«  and  commercialization  of  the 
technique  ia  planned. 


Huebler*  J.E.i  ZiolkoMakit  C.J.t  Saha*  N.C.t  "Fabrication  and 
Field  Teatins  of  a  Prototype  Sonic  Leak  Pinpointer  for  Medium- 
and  High-Preaaure  Gaa  Pipelinea»"  Report  No.  CRI>86/0044(  Caa 
Reaearch  Inatitute*  Chicasoy  lllinoia*  March  1986  (Abatract 
revieMed  only). 

Thia  report  provldea  detailed  information  on  the  prototype 
leak  detector  for  caa  pipelinea*  Mhich  ia  deacrlbed  above 
in  Heubler  et  al.  (1982)  and  Heubler  et  al .  (1985). 


Kitajima*  A.|  Naohara*  N.y  Aihara*  A.»  "Acouatic  Leak  Detection 
in  Piping  Syatemai"  CRIEPI  Energy  and  Environment  Laboratory* 
Report  No.  E283006,  1984. 

The  application  of  acouatic  techniquea  to  leak  detection  in 
nuclear  plant  piping  maa  inveatigated.  Character iatica  of 
the  leakage  noiae  Mere  identified*  methoda  for  detecting 
the  noiae  Mere  Inveatigated*  and  background  noiae  Maa 
meaaured.  Leakage  flowrate  waa  linearly  related  to  noiae 
level  on  a  log-log  plot.  The  noiae  level  from  aaturated 
ateam  waa  conaiderably  higher  than  the  noiae  level  from 
preaaurized  Mater  at  the  aame  leakage  flowrate.  In  the 
field*  wave  guidea  were  aucceaafully  attached  to  piping  by 
uaing  a  ailica-alumina  cement.  Background  noiae  in  an 
operating  PWR  waa  reaaonable  constant  during  ateady 
operation  and  determined  the  minimum  detectable  flowrate. 
The  researchera  auggeat*  based  on  experience  with  a 
prototype  system  operating  in  a  nuclear  power  plant*  that 
the  acoustic  detection  threshold  should  be  set  to  1.5  to 
2.0  times  the  background  noiae  level.  Software  features 
for  the  prototype  monitoring  system  include  the  ability  to 
set  variable  threshold  levels  depending  on  operating 
conditions;  analysis  of  signal  levels  and  duration  times; 
and  analysis  of  the  frequency  characteristics  of  the 
signals. 


Koerner*  R.H.*  Reif *  «).S.»  and  Burlingame*  M.J.*  "Detection 
Methods  for  Location  of  Subsurface  Hater  and  Seepage*"  Journal 
of  the  Geotechnical  Enaineerina  Division.  Vol.  105*  No.  GT1 1  * 
American  Society  of  Civil  Engineers*  Novamber  1979*  pp.  1301- 
1316. 
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This  paper  revieNS  nondestructive  test  methods  for 
detecting  subsurface  seepage.  The  techniques  mhich  are 
discussed  include  Hater  balance •  velocity  methods* 
radioactive  and  nonradioactive  tracers*  temperature 
methods*  pulsed  and  continuous  micronave  techniques* 
geophysical  (seismic)  methods*  and  acoustic  emissions. 
Uses*  advantages*  and  disadvantages  of  each  technique  are 
discussed.  Acoustic  omission  systems  typically  operate  in 
the  100  Hertz  to  10*000  Hertz  range  and  require  Have 
guides.  Background  noise  is  the  greatest  source  of 
«  difficulty*  and  additional  research  is  required.  Field 

experiences  nith  acoustic  emission  monitoring  of  seepage 
floH  beneath  an  earth  dam  are  described. 


Lord*  A.E.*  Deisher*  J.N.*  and  Koerner*  R.M.*  "Attenuation  of 
Elastic  Waves  in  Pipelines  as  Applied  to  Acoustic  Emission  Leak 
Detection*"  Materials  Evaluation.  Vol .  35*  No.  11*  1977*  pp.  49- 
54. 


The  authors  provide  a  literature  revien  of  nave  mode  types 
and  attenuation  of  elastic  naves  in  pipelines.  Results 
from  a  variety  of  tests  and  researchers  shorn  a  linear 
correlation  betneen  the  logarithm  of  the  attenuation  and 
the  logarithm  of  the  frequency*  nith  values  of  attenuation 
ranging  from  0.00001  dB/ft  at  one  Hz  to  100  dB/ft  at  ten 
MHz.  An  approximation  to  the  expected  attenuation 
coefficient  can  be  obtained  from  the  expression: 

a  (0.00001  >f 

Hhere  a  =  attenuation  coeff.  (dB/ft) 
f  =  frequency  (Hz). 

The  application  of  attenuation  results  for  leak  location  is 
demonstrated  in  laboratory  tests  and  in  field  tests. 


Moyer*  E.E.*  Male*  J.W.*  Moore*  C.*  and  Hock*  J.C.*  "The 
Economics  of  Leak  Detection  and  Repair  -  A  Case  Study*"  Journal 
of  the  American  Water  Works  Association.  Vol.  75*  No.  1*  January 
1983*  pp.  29-34. 

The  costs  and  benefits  of  a  leak  detection  and  repair 
program  for  a  mater  utility  are  analyzed.  A  sonic  leak 
detector  Mas  found  to  be  effective  in  locating  leaks  in 
Mater  lines  and  providing  a  qualitative  indication  of  the 
leak  rates.  Soil  type*  traffic  noise*  presence  of  other 
utility  lines*  and  type  of  pipe  influenced  the  leak  noise 
to  be  interpreted  by  the  surveyor. 
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N«h  York  PoMor  Authority  (NYPA)»  **Boiler  Tub*  L*ak  D*t*ction 
Project  at  Pol*tti,"  Raaaarch  Today.  Ho.  4,  HYPA,  N*h  York  City, 
January  1987,  pp.  2-3. 

An  ongoing  r*a*arch  study  to  tost  and  svaluats  an  acoustic 
systom  for  boilor  tube  leak  nonitoring  is  described.  A 
save  guide  is  used  to  bring  the  acoustic  signal  from  the 
boiler  Mall,  and  data  is  analyzed  on  a  Microcomputer.  The 
boiler  operates  at  pressures  ranging  from  600  psi  at  150  HU 
to  2,500  psi  at  825  MH,  Mhich  is  expected  to  create  a 
difficult  noise  background.  Discrimination  of  the  leak 
noise  from  combustion  roar,  steam  atomization,  and  soot 
bloMlng  is  under  Investigation. 


Reason,  J.,  **nicrophones  in  the  Boiler  Give  Early  Warning  of 
Tube  Leaks,**  Power .  July  1985,  pp.  62-64. 

For  ten  years,  the  Central  Electricity  Generating  Board’s 
Ratclif fe-on-Sour  powerplant  in  Great  Britain  has  used  an 
acoustic  system  to  detect  boiler  leaks.  The  CEGB  has 
Installed  similar  systems  in  75  boilers  in  21  powerplants. 
This  system  has  recently  been  licensed  to  Babcock  &  Wilcox 
Company  and  to  Combustion  Engineering  Inc .  Acoustic 
Maveguides  and  microphones  are  used  to  listen  for  noise. 

The  signal  is  bandpass  filtered  in  a  2  kHz  to  15  kHz  range 
to  achieve  the  optimal  signal  to  noise  ratio.  Acoustic 
monitoring  systems  have  also  been  installed  in  Italy  at  34 
powerplants  for  detecting  leaks  in  high-pressure  feedwater 
heaters.  These  systems  use  piezoelectric  pressure 
transducers  in  direct  contact  with  the  feedwater,  where  the 
leak  noise  is  detected.  These  systems  are  bandpass 
flltared  in  the  range  of  5  kHz  to  15  kHz. 


Smith,  J.R.,  Rao,  G.V.,  and  Gopal,  R.,  **Acoustic  Monitoring  for 
Leak  Detection  in  Pressurized  Hater  Reactors,**  Acoustic  Emission 
ganJ,.fe.Oi:lffg  Sf.  Pressurized  Systems.  ASTH  STP  697,  H.F.  Hartman 
and  J.H.  HcElroy,  Eds.,  American  Society  for  Testing  and 
Materials,  1979,  pp.  177-204. 

This  paper  describes  Westinghouse  experiences  with  using  AE 
monitoring  for  the  detection  of  leaks  in  pressurized  water 
reactors.  In  laboratory  studies,  acoustic  emissions  from 
notched  pipe  sections  were  monitored  as  through-wall 
fatigue  cracks  were  generated.  Acoustic  emissions  changed 
from  a  burst-type  signal,  characteristic  of  crack  growth, 
to  a  continuous  signal,  characteristic  of  a  leak,  at  the 
onset  of  the  through-wall  leak.  Signal  level- leak 
correlations  for  steam  leaks  through  circular  orifi<:es  were 
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